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FOREWORD

The research described herein, which was conducted under
NASA contract NAS3-12418, was conducted by Monsanto Research
Corporation partly in the Monsanto Company Research Center in St.
Louis, Missouri and partly in the Lubrication Laboratory of the
Department of Mechanical Engineering, Imperial College, London,
England. The work done in St. Louis, which consisted largely of
the procurement, synthesis, and characterization of the test
fluids, was supervised by Dr. Frank S. Clark. The work done in
London, under the supervision of Dr. A. Cameron, Director of the
Lubrication Laboratory, is made up of the research of Mr. C. R.
Gentle, film thickness and traction in point contacts, Mr. D.
Wymer, film thickness in line contacts, Mr. G. Paul, refractive
index in point contacts, and Mr. R. S. Day, soft film studies.
This project was managed by the NASA Project Manager, Mr. W. R.
Loomis, Fluid System Components Division, NASA-Lewis Research
Center.

The glass transition/crystalline freezing data were obtained
from Mobil Research and Development Corporation and are the work
of Dr. L. W. Manley and Dr. J. F. Gyer. Discussions with Dr.
Welford of the Applied Optics Section, Physics Department,
Imperial College were most helpful.
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ABSTRACT

Seventeen fluids of widely varying physical properties and
molecular structure were chosen for study. Film thickness and
traction were measured simultaneously in point contacts by inter-
ferometry, from which a new theory of traction was proposed.
Film thickness was measured in line contacts by interferometry
and electrical capacitance to establish correlation between these
two methods. An interferometric method for the absolute deter-
mination of refractive index in the contact zone was developed and
applied to point contact fluid entrapments. Electrical capacitance
was used to study the thickness and properties of the soft surface
film which sometimes forms near a metal-fluid interface.

1
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SUMMARY

The principal purpose of this work has been to extend the use
of optical interference patterns developed in the Hertzian region
between lubricated bearing surfaces to determine fluid film thick-
ness and bearing surface contours to temperatures, loads, speeds,
atmospheres, etc. comparable to those found in practical devices,
especially aircraft engines. Additionally, for the better under-
standing of the experimental method as well as the properties of
the fluid films produced, several collateral experiments have
been done: Traction has been measured simultaneously with film
thickness in point contacts. Film thickness in line contacts has
been measured simultaneously by optical interference and by
electrical capacitance. An interferometric method for the absolute
determination of refractive index of the fluid in the contact zone
has been developed. The existence and properties of the soft
surface film which sometimes forms near a metal-fluid interface
has also been investigated. For the purpose of this work, a
variety of pure fluids of widely varying physical properties and
molecular structure were assembled. The most significant findings
of this work are summarized below.

A new approach to traction has been developed based on the
concept that the fluid turns into either a glass or a solid in
the Hertzian zone. The properties of the fluid in the middle of
the contact (where traction is determined) bear almost no relation
to the properties in the inlet zone (where film thickness is
determined). The importance of the pressure-viscosity coefficient
to traction is thus questioned.

Line contact has been brought into the realm of optical
elastohydrodynamics (EHD) and behaves as expected. Use of a
silica layer deposited over the semi-transparent metal surface
required for optical EHD film thickness measurements has permitted
electrical capacitance measurements of film thickness to be made
simultaneously on rough surfaces, a measurement never before
achieved. The asperity contact which is detected apparently
occurs just outside the Hertzian region. Within the Herztian
region, the asperities are flattened sufficiently to prevent
contact and permit good optical EHD pictures.

Using a new interferometric technique, the fluid refractive
index in a point contact entrapment has been studied. Analysis
of the fluid behavior eventually has led to fluid viscosities
estimated as much as three orders of magnitude higher than ever
before reported, all with one drop of fluid.

The soft film studies have resulted in definitive evidence
for the existence of soft films 4100 nm thick and also evidence
for fluid viscosity increase near solid surfaces.

PRECEDING PAGE BLANK NOT FILMED 3
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1. INTRODUCTION

For many years there has been speculation on the state of
lubrication between heavily loaded counterformal contacts such as
are found in gears, rolling bearings, cams, tappetts, etc. The
theory available up to 1949 indicated that no appreciable oil
film would exist. In 1949, Ertel and Grubin,l employing a
masterly simplification, showed that an oil film could in fact
be formed between the surfaces. The full solution, confirming
this approximate method for line contacts, was subsequently
given by Dowson and Higginson2 in 1960. A large surge of interest
was generated and much work was done on the investigation of such
elastohydrodynamic (EHD) films. In 1961, Crook3 measured the
film thickness between rolling contacts by electrical capacity
and Sibley and Orcutt4 did the same by means of an x-ray method.
The theory and practice of line contacts were found to agree very
well.

Point contacts were a different story. The theory was (and
is) extremely involved and neither x-rays nor capacitance were
really very adequately suited to the measurement of film thickness,
though they were in fact used. However, in 1966 Cameron and
Gohar5 published a paper showing how optical interferometry could
be used for the precise measurement of the film thickness between
a ball and a plane. Their method was considerably improved by
Foord, Hammann, and Cameron,6 working both in the Lubrication
Laboratory at Imperial College, London and at Monsanto Company in
St. Louis. This work hasbeen continued at the Imperial College
by other workers.7 8

The work to be described in this report is concerned primarily
with a detailed study of the formation of an oil film between a
sphere and a plane, under conditions approaching those found in
real bearings. The work has been aimed at understanding rolling
elements both from the mechanical point of view and with an eye
to understanding the role played by the fluid. It was decided to
study a series of fluids of widely differing chemical structures
and physical properties in order to examine the validity of the
various theories of non-Newtonian and relaxational behavior of
fluids which have been proposed to occur in the contact region.

Fortunately, it was also decided to include a study of
traction in the project. The traction study has led to some
useful findings and a completely new theory of traction based on
the formation of a granular phase in the fluid. The reasons for
including traction were twofold. First, in fast running bearings,
skidding is a major cause of failure and hence the influence of

PRECEDING PAGE BLANK NOT FILMED



traction is important. Secondly, traction drives are increasingly
being used to replace toothed gearing and fluid coupling in many
applications.

While point contact and traction were the main targets of the
project, other areas were considered. The correlation between
various methods of film thickness measurement were to be studied
with a line contact machine. This was in fact achieved and is the
first such correlation so far published.

Further, an optical method was devised to measure the refrac-
tive index in an EHD contact. By its success this has made film
thickness measurements by interferometry into an absolute method.
All the other techniques at present available require a knowledge
of some property---dielectric constant or x-ray absorbence---in
the pressure zone. The interferometer method can now give
absolute results.

This study has led on---since the termination of the contract---
to the development of an absolute high pressure viscometer running
to l07 poise and 11 x 108 N/m2 (160,000 psi).

A further part of the work was designed to investigate the
very contentious question of a change in viscosity near the metal
surface.

This work may be said to be the first study of oil film
formation and of lubricated traction at medium pressures,
7 x 108 N/m2 (100,000 psi), with a wide range of molecular shapes
as lubricants that has ever been attempted.

Part of the contract was to supply a test rig (point contact)
to NASA similar to the principal rig developed for this project
and capable of running to extreme conditions. A special support
for the ball allowed high temperatures [up to 316°C,] (600°F) to
be attained and a sapphire disk permitted high loads [up to l09
N/m2 maximum Hertz and higher (150,000 psi)]. The disk was so
arranged that various atmospheres could blanket the contact. A
brake was used to enable traction to be applied and measured.

This project, which was undertaken by Monsanto Research
Corporation, was carried out partly in the Monsanto Company
Research Center in St. Louis and partly in the Lubrication
Laboratory of the Imperial College in London, under a subcontract
to Monsanto Research Corporation.
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2. TEST FLUIDS

The seventeen fluids selected for study are listed in Table 1.
Listed also are the code letters (a through q) by which they will
be identified throughout the remainder of this report whenever it
is more convenient to omit their names.

These fluids were selected to provide a wide variety of
physical properties and molecular structures in different combi-
nations. It is evident from this list that the molecular
structures differ greatly; the tabulations of physical properties
given later show the variation of physical properties.

2.1 PROCUREMENT

The test fluids were obtained from a variety of sources.

Two of the fluids were synthesized for the project (see
Section 2.2):

fluid i., di(2-ethylhexyl)-3,3,4,4-tetramethyladipate, and
fluid o., 1,1,7-trihydroperfluoroheptylperfluoroglutarate.

Seven of the fluids were supplied by Monsanto Company from
supplies on hand:

fluid a., pentaerythritoltetravalerate,
fluid f., cyclododecylcyclododecane,
fluid g., dihydrocedrene,
fluid h., di(2-ethylhexyl)adipate,
fluid k., 1,4-bicyclohexylbutane,
fluid m., 2-ethylhexyldiphenylphosphate, and
fluid n., 3,3'dichlorodiphenylether.

Four fluids purchased from Eastman Chemical Company:

fluid c., squalane,
fluid d., octacosane,
fluid j., bicyclohexyl, and
fluid I., oleic acid.

The remaining four fluids were purchased from other commercial
sources:

7



Table 1

THE SEVENTEEN TEST FLUIDS

fluid a. pentaerythritoltetravalerate

fluid b. polyethyleneglycol

fluid c. squalane

fluid d. octacosane

fluid e. polychlorotrifluoroethylene oil

fluid f. cyclododecylcyclododecane

fluid g. dihydrocedrene

fluid h. di(2-ethylhexyl)adipate

fluid i. di(2-ethylhexyl)3,3,4,4 tetramethyladipate

fluid j. bicyclohexyl

fluid k. 1,4-bicyclohexylbutane

fluid 1. oleic acid

fluid m. 2-ethylhexyldiphenylphosphate

fluid n. 3,3'-dichlorodiphenylether

fluid o. 1,1,7-trihydroperfluoroheptylperfluoroglutarate

fluid p. dimethylsilicone (100 cS)

fluid q. dimethylsilicone (1000 cS)

8



fluid b.,

fluid e.,

fluid p.,
fluid q.,

polyethylene glycol,
from Union Carbide Company as UCON-LB165,
polychlorotrifluoroethylene oil,
from 3M Company as KEL-F775, and
dimethylsilicone (100 cs), and
dimethylsilicone (1000 cs),
from Dow-Corning Corporation.

The purity of these fluids was such that further purification
was not necessary except for the removal of trace surface active
impurities and dissolved gases immediately prior to study. Where
such last-minute purification was required, it is described in
detail, in the sections to follow.

2.2 SYNTHESIS

2.2.1 Synthesis of 1,l,7-Trihydroperfluoroheptylperfluoroglutarate

We prepared this compound by a standard esterification of
perfluoroglutaric acid with 1,1,7-trihydroperfluoroheptanol.

H02 C-(CF2 )3 CO2H + 2 CF2 H-(CF2 )5 -CH2OH acid

perfluoro-
glutaric
acid

1,1,7-trihydroper-
fluoroheptanol

0 0

CF 2 H(CF2 )5 -CH2 -O-C-(CF2 ) 3 -C-O -CH2 (CF2 )5 -CF2 H + 2H2 0

1,1,7-trihydroperfluoroheptylperfluoroglutarate

Experimental:

Perfluoroglutaric acid (50 g, 0.21 mole, Pierce Chemical Co.),
freshly distilled alcohol (146 g, 0.44 mole, Du Pont), xylene
(220 ml) and p-toluenesulfonic acid catalyst (1 g) were charged to
a round-bottomed flask joined to a Dean-Stark trap. The reaction
produced 7 ml of water, 95% of the expected amount. After three
aqueous washes, distillation through a Todd column gave 113 g of
product (b p 145°/0.2); this is a 62% conversion based on the acid.

The analyses of the main cut were as follows:

C-H Analysis % C % H

25.92, 26.09
26.28

0.74, 0.68
0.70

found
theory

9



Gas-Liquid Chromatography (GLC)

99.9+% pure (single peak) when run in
methyl acetate solvent

Nuclear Magnetic Resonance (NMR)

spectrum consistent with the ester structure
no acid or alcohol protons present
ratio of methylene protons to terminal protons
(by integrated areas) 1.9:1 - theory 2:1 -
agreement satisfactory

2.2.2 Synthesis of di(2-ethylhexyl)-3,3,4,4-tetramethyladipate

We prepared this ester in two steps starting with commercially
available 3,3-dimethylacrylic acid. The first step was esterifi-
cation of this acid with 2-ethylhexanol in the presence of
trifluoroacetic anhydride.101'1

0
HO2C-CH=C(CH3) 2 + CH3(CH2 )3CH(C2 H5 )-CH20H + (CF3-C)20 +

3,3-dimethyl- 2-ethylhexanol perfluoroacetic
acrylic acid anhydride

0
,,

CH3 (CH2 )3-CH(C2 Ht5 )CH2 0CCH=C(CH3)2 + 2 CF3 CO2 H

2-ethylhexyl-3,3-dimethyl- perfluoro-
acrylate acetic acid

The second step was electrohydrodimerization of the above acrylate
to di(2-ethylhexyl)-3,3,4,4,-tetramethyladipate:

0 0 CH3 CH3 0
CC electrolyte_ iR-O-C-CH=C-(CH3)2 solvent R-0-C-CH 2 -C - C-CH2 C-0-R

! I
current CH3 CH3

(R = 2-ethylhexyl)

10



The scope, apparatus, and procedure for this reaction are described
in the literature.1 2 ,1 3

Experimental:

Step 1: Preparation of 2-ethylhexyl-3,3-
dimethylacrylate

2-Ethylhexanol (136.5 g,.1.05 mole) was added dropwise under
nitrogen to a solution of 3,3-dimethylacrylic acid (105.0 g, 1.05
mole) in 331.3 g of trifluoroacetic anhydride. The temperature
was kept below 45° with an ice bath. Then 1260 ml of 10% sodium
hydroxide was added dropwise. After twenty minutes, the organic
layer was combined with a chloroform extract of the aqueous layer,
washed twice with 300 ml of water, dried and distilled. This gave
a typical yield of 170 g (76%) of acrylate (b.p. 88°/1.0).

% C % H

Found 73.6, 73.3 11.5, 11.3

Theory 73.5 11.3

Step 2: Synthesis of di(2-ethylhexyl)-3,3,4,4,-
tetramethyladipate

The following reagents were charged to the electrolysis cell:

2-ethylhexyl-3,3-dimethylacrylate 40 g.

dimethylformamide 120 ml.

tetraethylammonium tosylate 30 g.

water 5 ml.

One amp was passed through the cell for 2-3/4 hours at 30-35° and
a pH ~8. Two layers formed even with an addition of another 10 ml
of dimethylformamide. Normal work-up and distillation gave 7 g
(17% conversion) of 97% pure di(2-ethylhexyl)-3,3,4,4-tetramethyl-
adipate (b.p. 213-4°/0.2). A forecut of unreacted acrylate and
2-ethylhexyl-3-methylbutyrate accounted for 70% of the starting
ester. Redistillation raised the purity of the adipate to >99%.

% C %H

Found 73.1 11.8

Theory 73.5 11.4
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The mass spec of this adipate showed no parent ion; ions
indicative of the proposed structure included:

m/e 297 (loss of one alcohol group by
alpha cleavage at the carbonyl)

213 half-dimer

185 McLafferty rearrangement and
loss of octyl from m/e 297

167 loss of octyl alcohol from m/e 297
l

2.3 PHYSICAL PROPERTIES

In the analysis and interpretation of the several kinds of
film thickness and traction data which are the object of the
remainder of this report, certain physical properties of the
test fluids are of use. Some of these properties have been
obtained and are tabulated below.

In Table 2, density and kinematic viscosity as a function
of temperature are given for each of the seventeen fluids.
Density was determined by weighing a known volume of fluid;
kinematic viscosity was measured by means of conventional
Ostwald - type viscometers. Table 3 lists the specific heat
and thermal conductivity of some of the test fluids also as
a function of temperature. The specific heat was measured with
a differential scanning calorimeter. This is a relative method
using a standard sapphire specimen for comparison. The thermal
conductivity was measured by the transient hot-wire method.
Table 4 gives the bulk modulus as a function of temperature for
some of the test fluids. These are the isothermal secant values.
The pressurization was to 0.480 x 108N/m2 (7000 psi) in each case.

Furthermore, because of the possibility of glass formation
in the Hertzian region, the low temperature calorimetric behavior
of the test fluids is also of interest, especially when glass
transitions occur. The NASA Project Manager was able to obtain
these data from the Mobil Research and Development Corporation.
The results of that measurement are summarized as follows.
A differential scanning calorimeter was used to obtain both
heating and cooling curves between -1 40°C and room temperature
(or above if necessary). Based on these curves, the fluids
were divided into three categories:

12
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Glassy fluids

Pentaerythritoltetravalerate
Polyethyleneglycol
Squalane
Cyclododecylcyclododecane
Dihydrocedrene
Di(2-ethylhexyl)adipate
Di(2-ethylhexyl)-3,3,4,4-tetramethyladipate
2-Ethylhexyldiphenylphosphate

Super cooling or semi-crystaline fluids

3,3-Dichlorodiphenylether
1,1,7-Trihydroperfluoroheptylperfluoroglutarate
Dimethylsilicone (100 cs)
Dimethylsilicone (1000 cs)
Polychlorortrifluoroethylene oil

Crystalline fluids

Bicyclohexyl
1,4-Bicyclohexylbutane
Octacosane
Oleic acid

Tables 5, 6, and 7 summarize the features seen in the calorimeter
curves.
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Table 5

LOW TEMPERATURE TRANSITIONS OF THE GLASSY
(NON-CRYSTALLINE) FLUIDS

Tg
from

Heating Curve
Peak (°C)

Melting Range
(0 C)

Notes on
Melting Behavior

pentaerythritol-
tetravalerate

polyethylene glycol

squalane

-86

-76

-96

cyclododecylcyclo-
dodecane

dihydrocedrene

di(2-ethylhexyl)-
adipate

di(2-ethylhexyl)-
3,3,4,4,tetramethyl-
adipate

2-ethylhexylphenyl-
phosphate

-107

-100

-86

-79

-5 -5 The melting range for
this group is a set of
slope changes which
imply altered rate of
change of heat capacity

-13 +2 (Cp) with temperature.
Molecular aggregation
and altered viscosity-

-57 -12 Temperature behavior
are likely associated
with this temperature
range.

-16 +9 No crystalline order is
detectable under the
test conditions.

-40 +8

-40 +1

-39 +4

-35 +13

Fluid
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Table 6

LOW TEMPERATURE TRANSITIONS OF THE SUPERCOOLING
(SEMI-CRYSTALLINE) FLUIDS

Tg
from

Heating Curve
Peak (°C)

Melting Range
(°C)

Notes on
Melting Behavior

3,3'dichlorodiphenyl-
ether

1,1,7trihydroperfluoro-
heptylperfluoro-
glutarate

-74

-89

-47 +11 Broad melt, poorly
crystalline, mainly
glassy material.

-62 +11 Super cools,
crystallizes on heating
-62 to -5; pk-58 melts
-5 to +11, pk +6.

dimethylsilicone
(100 cs)

dimethylsilicone
(1000 cs)

-121

-121.5

-98 -22

-105 -33

Super cools,
crystallizes on heating
-98 to -51. Melts in two
phases -51 to -22, pks -45,
-35.

Super cools,
crystallizes on heating
-105 to -50.5. Melts in
two phases -50.5 to -33,
pks -44, -36.5.

polychlorotrifluoro-
ethylene oil -65 -4 3 +5 Broad melt, poorly

crystalline, stress
cracking at -89 and -124
on cooling.

18
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Table 7

LOW TEMPERATURE TRANSITIONS
THE CRYSTALLINE 'LUIDS

Tg
from

Heating Curve Melting Range
Peak (°C) (°C)

Notes on
Melting Behavior

bicyclohexyl

1,4 bicyclohexyl-
butane

octacosane

oleic acid

-40 +8 Melts in two
phases pks -13, +4

-86

-32

-114

-16 +21

+13 +72

-62 +14

Melts as single
peak +15

Melts in two phases
+57, +67

Melts as two phases
-47, +6

19
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Preceding page blank 
3. FILM THICKNESS AND TRACTION IN POINT CONTACTS

3.1 TEST APPARATUS

3.1.1 General

The apparatus used throughout the tests was basically a
refinement of earlier "ball and plate" rigs, such as those used
by Cameron and Gohar, 5 and Foord, Wedeven, Westlake and
Cameron.7 In essence, a lubricated steel ball was used to drive
a transparent, optically flat plate mounted in a freely moving
air bearing. Using white-light interferometry it was possible to
observe directly the thickness of the lubricating film in the
contact under conditions of pure rolling, pure sliding or any
combination. In addition, the tractive force and load on the
ball were measured, together with the surface speeds and temp-
eratures of the lubricated elements.

3.1.2 Optical

The optical arrangement at the lubricated contact was as
shown in Fig. 1. The interference is caused by light being
reflected partly from the polished surface of the 25.4 mm (1 inch)
diameter type 52100 steel ball and partly from the semi-reflecting
underside of the optically flat glass disk. To optimise the
visibility of the interference fringes, it was necessary to choose
firstly the type of interferometry required, in order to calcu-
late the degree of reflectivity needed at the surfaces.

Since the thickness of lubricant inside the contact was the
main optical concern, it was decided to use white light inter-
ferometry. This was because it was possible to identify a number
of different color fringes to every order of interference, as
opposed to just one fringe per order with monochromatic light.
Hence measurements of thickness could be more precise. It was
later found that four colors were readily distinguishable, al-
though this was largely the observer's personal choice, and
these were:

Yellow/orange
Cherry Red
Dark Blue
Apple Green

in order of increasing thickness, from zero.

The choice of white light limited the number of observable
orders of interference to four or-five, since beyond this the
colors overlap to reform white light. This set a maximum of
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Half-Viewing Angle

100% 18% 18%

Glass

_ 
-_- 

_k_ '- - _ .-- _, 

Oil --

Steel
Ball

Figure 1.

Air

Magnesium Fluoride

.J Coating

Chromium Layer
Reflectivity 18 %
Absorptivity 25 %

Optical arrangement

Removable Splash-Guard
)rive Shaft

.
Teflon Cup
-Lubricant Reservoir

- Side Air Jets

- Compressed Air Supply

Figure 2. Loading system
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about 10-6 m (104A) on film thickness, but this was adequate over
the ball speed range used. It also meant that the actual "Newton's
Rings" pattern outside the contact, particularly in the wake of
the ball, was difficult to observe.

White light also implied the use of two-beam interferometry,
with less precisely defined interference peaks, but nevertheless,
the resolution of 1/20 of a fringe, generally accepted for this
method,1 4 was easily adequate. For two-beam interferometry, the
two rays reflected from the ball and the plate must be of equal
intensity, and this fact allowed the calculation of desired
reflectivity. The ball was as highly polished as possible to
minimise surface roughness effects and the reflectivity was
found to be 60% in oil. The optimum value for the semi-reflecting
surface was calculated to be 18% reflectivity and 25% absorptivity.
The absorption was present because the semi-reflection was
achieved by vacuum depositing a 20 nm (200X) layer of chromium
on the underside of the glass disk. This had the added attraction
of more closely simulating the real situation of metal to metal
contact. Finally to eliminate spurious reflections from the top
surface of the disk, an anti-reflection coating of magnesium
fluoride was deposited on to it.

For good interference, the incident light must be collimated
to give an approximately parallel beam. In the case of white
light, the degree of collimation required is high and a half-
cone angle of 3° is necessary.14 This was achieved very con-
veniently by using a stereoscopic microscope of 80X; one branch
for observation, and one branch for illumination. This consisted
in principle of a pair of Gallilean telescopes viewing the con-
tact through one large objective lens. A beam of approximately
parallel light shone down one branch (with the eyepiece removed)
emerged from the telescope in a narrower parallel beam. This
was then automatically directed onto the contact by the objective
lens. The collimation angle was governed mainly by the telescope
diameter 1 x 10- 2m and the working distance 9.1 x 10- 2m which
gives approximately 3° for the half-cone angle. The half-viewing
angle caused by the illumination being on a separate path was 6°
but this introduces an inaccuracy of only 0.5%, which is well
inside experimental limits. The light itself was provided by a
12V d.c. incandescent filament lamp with a ground-glass screen
and condensing lens.

3.1.3 Speed Control and Measurement

The drive mechanism was largely as shown in Fig. 2. The
steel ball was used to drive the disk, since it was much easier
to mount the disk in an approximately frictionless air bearing.
A shaft was attached rigidly to the ball by means of a spark-eroded
hole located as accurately as possible along a radius. The shaft
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in turn was attached via a constant velocity universal joint to
a 30V d.c. motor. This had a generator integral to its construc-
tion and hence could be used in conjunction with a solid-state
feedback system of speed control. The result was a continuously
variable speed range from 6-6000 RPM, (up to 7.6m/s, 300in/s).
Speed measurement was by a digital tachometer, activated by
voltage pulses from a magnetic transducer which monitored a
100-toothed steel gear wheel mounted on the motor shaft. The
accuracy of reading the speed was good provided the wheel was
turning fast enough. This caused difficulties at low speeds, but
was overcome by the addition of a 20:1 gearbox for this range.
The gearbox also helped increase the torque available at these
low speeds beyond the actual motor maximum of 0.085Nm (12 oz-in).
The overall accuracy of control and reading was then found to
be better than 1 in 500.

The speed of the disk was measured also by a digital method.
However, the problem of low speed measurement was here overcome
by using a photoelectric pulse producer, since this was not
speed dependent. This consisted of a light beam focused onto a
series of 100 silvered strips placed on the black-coated edge
of the disk. The reflected pulses were monitored by a photo-
transistor circuit.

3.1.4 Loading

The ball was loaded against the glass disk by means of a
hemispherical cup coated with polytetrafluorethylene (Teflon) as
shown in Fig. 2. This was situated on a very close fitting
piston-and-cylinder arrangement, activated by compressed air.
Side jets ensured that there was negligible friction at the piston,
and very little air flowed out, so the load was calculated assum-
ing a hydrostatic condition, (i.e. load = piston area x air
pressure), with allowance made for the weight of the cup etc.
The air pressure and hence the load, was controlled by a needle
valve.

The cup itself was divided into two parts by a small trough,
adjacent to the equator of the rotating ball. The trough was
0.5 x 10-2m in depth and served the dual purpose of minimising
the effect on the lubricant of frictional heating in the cup,
and also forming a lubricant reservoir of a few cm3 capacity.
To prevent excessive spraying of lubricant from the cup at high
speed, a stainless steel surround could be fitted over the rim
once the ball was in position.

The only substances in contact with the lubricants in the
cup were Teflon and stainless steel, which were considered cor-
rosion resistant under the operating conditions. The,disk was of
selected float glass capable of loading to 6.9 x 108N/m2 (100,000 psi).
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3.1.5 Bearing

It was essential that the disk should rotate freely, for
accurate measurement of transmitted torque. Therefore, the disk
was supported by an air bearing. The final design was an elegant
simplification of earlier ones in that the optical flatness of
the disk was utilised by making the underside of the disk into
one of the bearing surfaces. For this reason, the disk was larger
than originally intended, being 20.3 cm (8 in) in diameter, with
the extra width used in the bearing. The disk was therefore
floated on a ring of vertical air jets, and radially located by
a sphere and cup air bearing as shown in Fig. 3. The spherical
bearing surface was a slice from a 5.35 cm (2.5 in) ball bearing
ball, cemented accurately to the center of the disk. The cup
was formed from epoxy resin moulded around the ball slice, and
supported in a brass screw mount. The clearance between bearing
surfaces was adjustable by means of the screw mount, in order to
give virtually frictionless rotation of the disk. The compressed
air supply was at a pressure of 5.5 x 105 N/m2 (80 psi) and was
filtered and dried before passage to the bearing along 6 mm (0.25 in)
bore air lines. The whole bearing was moveable along the direction
of the motor drive shaft to allow the ball to run along a number
of tracks on the disk at varying radius should the chromium
semi-reflecting layer become scratched at any time.

3.1.6 Temperature Control and Measurement

Facility was made to raise the temperature of the ball
environment, by means of a 1.5 kW heating element located under-
neath the brass floor of the test enclosure (Fig. 3). The
enclosure was insulated below this, and also round the edge by
asbestos compound integral to the construction. In addition, a
two-section cowl of similar insulating material could be posi-
tioned over the glass disk, with suitable gaps for interfero-
metric observations and measurement of disk speed.

The heat transfer to the ball and disc was largely via the
surrounding atmosphere. The enclosure walls as a whole were
therefore at a considerably higher temperature than the contact.
Owing to the large thermal capacity of the metal structure of
the enclosure, and the good insulation of the walls, the temper-
ature of the contact remained constant to within ±1.10°C (±20F)
for the duration of a test run, if the heating was stopped once
the desired temperature was reached. The temperature could be
raised to about 170°C, although it was difficult to achieve any
previously chosen temperature accurately. However, this did not
matter since the temperature of the fluid was measured to within
0.5°C (1°F) using an electronic thermometer with a copper/constantan
thermocouple dipping into the fluid. The thermocouple bead was
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26



only 1.27 um (0.005 in) in diameter and therefore could be located
very close to the contact inlet without disrupting fluid flow
appreciably. No variation could be found between the temperatures
of the ball, the disk and the fluid, so they were assumed equal.
The limiting useful temperature was set by the effective viscosity
and a value of the fluid. If the oil was too thin the speed
required to obtain a graph of H* vs U* was beyond the capacity
of the motor. For this reason temperatures beyond 170°C were
not required.

The only inlets to the test enclosure once the disk was
in position were through the passages allowed for the drive shaft
and torque measurement shaft. It was therefore possible to
eliminate almost all the air if desired from the enclosure simply
by introducing a supply of oxygen-free nitrogen from a pressurized
cylinder. This quickly displaced air from the enclosure and, by
keeping the flow continuous and slightly above atmospheric pressure,
it also flushed out the small amount of air leaking from the loading
piston. The excess pressure also made sure that little air leaked
in from the bearing surface.

The actual percentage of oxygen in the atmosphere of the
enclosure was measured continuously by feeding some of it to an
oxygen content analyser. This worked by measuring galvanometri-
cally the change in magnetic reluctance of two large coils, as
paramagnetic oxygen was passed between them. It was found that
an oxygen concentration of 0.1% was achieved after about 30 secs.

3.1.7 Traction Measurement

Previous rigs were unsuitable for traction measurements
because no account could be made of frictional losses involved
with rotating the ball in the loading cup. This was overcome by
mounting the loading piston, gearbox and motor all on a sub-
plate which was floated on an air pad. Any tangential traction
force transmitted by the ball therefore could be measured by the
force of reaction exerted on the floating plate. In this way,
frictional losses in the cup, gearbox and motor were automatical-
ly eliminated from consideration.

The reaction force on the floating plate was measured by
means of strain gauges. The plate was located in an approximate-
ly central position over the air pad by a spring steel strip at
the opposite end from the loading piston, as shown in Fig. 4.
The stiffness of this was selected to allow a transverse motion
of the ball of ±0.5 cm for the maximum expected tractive force of
4.4 5 N (1 lbf). Since the effective length of the sub-plate
from ball to spring steel strip was approximately 0.3 m, the
angular displacement was small, and proportional to the transverse
force. The strain gauges were mounted on a low-stiffness steel
U-shaped strip fixed rigidly at one end to the sub-plate and

27



(a

-M
.- ,

Lv

a,

0

'A

tA
tA
co

4-
0

c
0

.A

0
CL

/
I

I
I
I
I

0.

a)
a)

.7

-.-
;A

)

)3

))

\

\

\

\I
\I

28

H
*0
N
ci)
D)

4-3
Cl

H

Q,

r-)

bO

AH

.Hi

0

b.

.ri

/



flexibly at the other end to the stationary base-plate. One
gauge was in extension on the outer surface of the curved steel
strip while the other was in compression on the inner surface.
Two identical gauges were mounted close by on a similar mounting
strip to act as a dummy resistor to compensate for temperature
fluctuations. The four gauges were used in a Wheatstone Bridge
circuit, with the out-of-balance current across the bridge being
amplified using an integrated circuit device. It was possible
by this method to calibrate an ammeter reading directly as a
measurement of tractive force. The calibration was checked per-
iodically throughout the series of tests in case of changes oc-
curring in the amplifier characteristics, the stiffness of the
system, or the voltage of the supply to the bridge.

The fact that the stiffness of the system was so high meant
that it was possible to ignore the effect on force readings of
the motor leads, and the small air line to the piston, provided
they moved easily.

The transmission of force across the contact relied on
there being a velocity difference between the ball and disk at
the contact. This was produced by applying a variable braking
force to the disk by means of a metal stalk along its principal
axis (Fig. 3). This stalk was attached by means of a boss cem-
ented to the underside of the disk. It proved impossible to
locate it very accurately on the axis of rotation, mostly because
this axis was in turn determined by the large ball slice cemented
to the top surface of the disk. For this reason, the torque
applied to the stainless steel brake drum on the stalk was not
measured, since it would have been impossible to align brake
shoes free to rotate on the same axis. Instead it was simple
to apply a steadily variable braking force via spring loaded
Teflon shoes on either side of the drum.

3.2 CALIBRATION PROCEDURE

3.2.1 Traction Measurement

The galvanometer indicating the output from the strain
gauge bridge amplifier was calibrated directly in terms of the
tractive force acting at the point contact. A known calibrating
force therefore had to be applied horizontally, parallel to the
direction of motion of the rotating ball surface. This was car-
ried out by replacing the ball and piston with a rigid vertical
rod and fastening to this a length of thread held in tension by
a variable load acting via a pulley.

The bridge was initially balanced by means of a 25-turn screw
potentiometer to give a central reading. Subsequent readings were
taken for a range of weights up to 0.454 kg (1 lb) for both load-
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ing and unloading. The response of the system as a whole was found
to be linear over this region and showed no signs of saturation.

Such calibrations were repeated periodically during the
sequence of tests since it was necessary to lower the stiffness
of the system for some low traction lubricants.

3.2.2 Film Thickness Measurement

The calibration procedure adopted was based on a method
used by Wedeven.9 In this a known load was applied to the ball
against the disk and the gap between the two surfaces outside
the actual contact was calculated using the Hertz equation

apmax
h =- (1)

where h = separation of the two surfaces
E' = reduced Young's modulus for glass and steel
r = radial distance from center of contact
a = Hertz contact radius

Pmax =2 [W2] = max. Hertz contact pressure

W = load.

By observing the interference fringes or rings outside the
contact with a filar eyepiece and travelling microscope the radius
for each order of each color could be measured accurately. When
substituted in the above equation, it was possible to compute the
thickness in air corresponding to each color, giving the following:

1st order

2nd order

3rd order

4th order

Yellow
Red
Blue
Green
Yellow
Red
Blue
Green
Yellow
Red
Blue
Green
Yellow
Red
Green

2.0 x 10-7m
2.7
3.4
4.3
4.7
5.6
6.1
6.7
7.6
8.6
9.0
9.6
10.5
11.5
12.5
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The method of loading in this case was simply to balance
the ball on a scale pan using an equal weight on the opposite
side; then place an extra O.1 kg weight in the opposite pan to
make the ball touch the disk, placed over it, with load W = O.1 kg.

It must be stressed again that these results apply only to
the particular apparatus used since there is a phase change for
the light at the disk and ball surfaces which depends on the
materials used, and also the identification of colors is personal
to the individual observer.

3.3 EXPERIMENTAL PROCEDURE

3.3.1 Purification and Degassing

The fluids used in the tests were originally very pure,
but owing to the length of the total series of tests it was nec-
essary to remove products of oxidation and hydrolysis etc. immed-
iately prior to their actual use. Also since one of the variables
to be investigated in the tests was the blanketing atmosphere,
it was necessary to degas the fluids to avoid contamination of
the atmosphere and hasten the equilibration between the fluid
and the atmosphere.

Decontamination procedure was suited to the chemistry of
the fluid in question. For the hydrocarbons, (Fluids c,d,f,
g,j,k) the principal contaminants were the result of air oxidation.
The following procedure removed these impurities:

Store over silica gel.
Pass the fluid over a small silica gel column

under nitrogen within two days of actual use.
Store in the dark in the absence of oxygen.

For the esters (Fluids a,h,i,o) there was the additional problem
of hydrolysis back to acid and alcohol. Fortunately it was
shown by titrating for acid before and after extracting any acid
with 5% aqueous lye that there was negligible impurity due to
hydrolysis. (This was later confirmed by experiments on the soft
film apparatus). Purification therefore simply followed the
hydrocarbon procedure.

Fluid m was purified by a similar method, except that
alumina was used instead of silica gel.

It was not considered necessary to purify the six remaining
fluids either because they were unlikely to decompose, or be-
cause they were unlikely to develop impurities which would alter
their properties in any significant way.

The degassing procedure exploited the fact that gas solubil-
ity in a liquid decreases markedly when the liquid freezes or is
cooled to a solid glassy state. Cooling to drive off dissolved
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gases was preferable to heating in that it does not promote de-
composition in the process. For the test fluids that were not
appreciably volatile at room temperature, the following procedure
was employed.

Place the fluid in a glass vessel connected to a cold-
trapped vacuum pump.

While pumping, freeze the fluid with solid carbon dioxide
in an acetone slurry.

Then warm to room temperature.
Repeat this freeze-thaw cycle ten times to remove the dis-

solved gases.

For volatile fluids (g,j,k,n) pumping was only carried out
when the fluid was frozen, and the vessel was isolated by a
vacuum stop-cock for the rest of the process, to avoid heavy
evaporation loss of the fluids.

3.3.2 Cleaning of Apparatus

The only parts of the apparatus to come in contact with the
fluids were the ball, the disk, the loading cup and the splash
guard. These were all washed in acetone or benzene in between
tests to remove excess fluid remaining from the previous test.
Following this they were transferred to an ultrasonic degreasing
machine for a more thorough cleaning, and then stored in a
desiccator.

Originally it was intended to clean the surfaces even further
by means of a soft glow vacuum discharge apparatus. However,
while waiting to try such a procedure, it was demonstrated on
the soft film apparatus that if any of the fluids did produce
surface films, their shear strength was very low (about 1 N/m 2).
This could have no effect on traction measurements, and since the
ultrasonic machine already eliminated the effect of impurities
on bulk properties of the fluids, it was decided to cut out the
lengthy vacuum discharge procedure.

3.3.3 Film Thickness Measurements

The procedure used for film thickness measurements was
as follows:

With the ball placed in the loading cup and the shaft fast-
ened to the motor via the universal joint, the reservoir was
filled with lubricant. For thick fluids, some was also spread
in a ring on the disk, following approximately the track of
the ball.

The thermocouple bead was then pressed lightly against the
ball surface, close to the contact inlet, and held in place by
a mounting on the splash guard.
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The disk was then placed in position, and the spherical air
bearing was clamped over it. The air supply was turned on and
the bearing clearance was adjusted to give free rotation.

With the disk stationary, the ball was loaded until it
touched the disk lightly. The ball and disk were then rotated
slowly by means of the motor until there was an even spread of
lubricant along the track. This was particularly important for
thick fluids.

The load was increased to the chosen value, and the contact
region was brought into focus in the microscope.

Actual recordings were then taken of the digital tachometer
reading corresponding to a particular color fringe as the speed
was increased. As many fringe orders as possible were observed.
The readings were checked as the speed was reduced.

The temperature was monitored throughout the test, on the
electronic thermometer. If the temperature rose by more than
1°C, the test was temporarily stopped, but after a little practice
the tests could be performed so fast that the temperature rise
was negligible in most cases.

At the end of the test, the ball was lowered from the disk
before the motor was switched off, to minimize the risk of
scratching the disk.

For higher temperature tests, the asbestos compound cover
was placed over the disk, and the whole apparatus was heated up
slowly before the test started. The ball was turned slowly with-
out loading against the disk, to ensure that the thermocouple
showed the actual fluid temperature. When the required temper-
ature was reached, the heating was stopped and the test carried
out, once again as quickly as possible.

In all these tests, the traction facility was not exploited
and the motor sub-plate was not floated on the air pad. The
film thickness measured was that of the large flat central region
of the contact. It was impossible to observe accurately the film
thickness at the rear of the contacts, since the fringes were so
condensed that they became merged and gave indistinct colors.
For the same reason it was not practicable to observe the cavi-
tation in the wake of the ball. It was possible to observe the
fluid inlet boundary, and if this started to approach the contact
region, indicating the onset of starvation, then the test was
stopped.

For tests run under nitrogen atmosphere, the nitrogen was
allowed to flow for about 1 minute to reach the allowed concen-
tration of oxygen, before any results were taken. No difference
could be detected between results taken in air and results taken
in nitrogen, outside the normal range of variation of experimental
results.

3.3.4 Measurement of Sliding

For measurement of sliding it was necessary to record the
speeds of the disk and the ball simultaneously. This was diffi-
cult to carry out directly, but was finally overcome. The method
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was to measure firstly the motor speed, which remained very
constant owing to the feedback system, throughout the variations
of torque imposed on it. The digital tachometer was then used
to measure the ratio of disk speed to ball speed by counting the
number of pulses from the disk speed transducer occurring during
a large fixed number of counts from the motor speed transducer.
The actual surface speed of the ball was calculated knowing the
motor speed and the ball radius. The disk surface speed was
calculated from the ratio measured on the tachometer by assuming
that it was equal to the ball speed for conditions of zero traction
i.e. zero slip. This assumption was thought to be justified since
the speed ratio and strain gauge output remained constant for
large variations of load and rolling speed. This was interpreted
as showing negligible effect of rolling friction.

Having measured the motor speed and speed ratio between the
ball and disk, it was possible to calculate the ball surface speed
U1 and the disk surface speed U2. Hence the sliding velocity
(U1-U2) could be derived. It was found more useful in many cases
to consider the sliding velocity as a fraction of the rolling
velocity. Therefore if the rolling velocity is interpreted as
½(U1 +U2) i.e. the speed at which oil enters the contact, then
the slide/roll ratio Z becomes:

(Ul-U2 )
Z= 2 (U

1
+U

2
) (2)

Ideally the rolling velocity should have been kept constant, but
this would have been difficult and would probably have entailed
a separate drive to the disk.

3.3.5 Measurement of Traction

The amount of sliding was gradually increased up to the
maximum value of E = 2, by applying a braking force to the drum.
This force produced a reaction force on the floating sub-plate
which was monitored via the strain gauge meter. In practice the
force was increased so as to make the meter read on successive
divisions from zero up to the value at total slip with the disk
stationary. For each value of tractive force thus obtained, a
value of the speed ratio was noted. Care was taken to ensure
that the reading of the ratio was constant by allowing the count-
ing procedure to repeat itself two or three times. By reference
to the calibration experiment it was possible to derive values
of tractive force against values of slide/roll ratio. Since the
experiments were carried out at varying loads, it was found more
meaningful to divide the tractive force F by the load W to
give a coefficient of traction (or friction) of f = F/W.
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3.4 ANALYSIS OF RESULTS

3.4.1 Film Thickness/Speed Results

The EHD film thickness has been shown to depend by a power
law on the rolling speed. Hence a plot on logarithmic axes of
film thickness against rolling speed will give a straight line
whose slope is the value of the power index. Therefore all film
thickness results were plotted as straight lines by this method
and the graph slopes were measured. The load was kept constant
at 22.2 N (5 lbf) which is equivalent to a maximum Hertz pressure
of 4.5 6 x 108 N/m2 (66,170 psi).

3.4.2 Pressure Viscosity Coefficient

From the film thickness/speed results it was also possible
to calculate the pressure/viscosity coefficient a, using an
empirical equation formulated by Westlake.8 This is as follows:

H* = K(U*)a(W*)b(G*)c, (3)

where H* = ho film thickness parameter,
R

U* = nOU
E'R speed parameter,

W* - W load parameter,
E'R2

G* = aE' materials parameter.

Since Westlake's work was under almost exactly similar
conditions, the values of the coefficients a,b,c and k obtained
in Ref. 8 were used directly in a computer program to find a,
using experimental values of ho and u.

These coefficients were

K = 62U* - 0
' 0 6 3

a = (0 loglO0 ) + 0.89 (4)

b = (% log1 0 U*) + 0.303

c = 0.55

35



The manufacturer determined for us the elastic constants
of the glass. These were

10 2 6
Eglass = 7.58 x 10 N/m (11.0 x 10 psi)
a = 0.25glass

and they were used to calculate the reduced Young's modulus.

The only difficulty involved was that the experimental
measurements were of ball speed and optical film thickness. The
actual film thickness ho was found from the relationship

h - optical thickness
o refractive index

The refractive index of the fluids therefore had to be known at
the conditions of pressure and temperature present in the
contact. Since the refractive index measuring apparatus was
still largely experimental, it was decided to measure the
refractive indices in a conventional Abbe refractometer at the
correct temperature and then calculated the value for the
appropriate pressure using the Lorentz-Lorenz equation:

(l+2A)½ (5np= (1-A) (5)

where A = p no
2
- (6)

Po(n 2+2)
0

The pressure value used in the calculations was the maximum
Hertzian pressure Pmax' and the density ratio was found from the
bulk modulus.

The experimental reading of film thickness and speed were
taken from the central region of the graph, rather than choose
an actual pair of readings since this reduced the errors. It
is difficult to estimate the errors involved in the calculated
values of the pressure/viscosity coefficient, but they will be
approximately the same as those in Westlake's work, which are
estimated by comparison with other methods of measuring the
coefficient. The value of a and the graph slopes are presented
in Table 8.
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Table 8

SUMMARY OF FILM THICKNESS DATA

Rolling Speed (m/s) at
Optical Thickness (x 10-7m) of

Fluid

a

2.0

0.52
0.33

2.7

0.85
0.46

3.4
1.2

1.2
0.73

4.3

1.8
1.1

b 0.36 0.56 0.8 1.1
0.19 0.29 0.39 0.53

c 0.80 1.2 1.7 2.5
0.44 0.72 1.0 1.4

e 0.031 0.048
0.019 0.012

4.7 T°C

38.5
24.5

38.0
22.5

37.0
23.0

0.066 0.093 0.115 36.4
0.018 0.027 0.039 20.5

Slope

0.66
0.66

0.70

0.65

0.66

n

1.55
1.56

a
(psi

-
1 x 10-4)

0.51
0.50

1.52 0.91
1.57 0.98

1.53 0.84
1.59 0.74

1.48 2.5
1.52 2.1

f 0.48
0.11
0.017

h 3.1 4.5 6.1 8.5
1.4 2.2 3.3 4.3

39.0
23.0

i 0.52 0.86 1.25 1.86 2.20 37.5
0.27 0.44 0.66 0.96 1.15 24.0

0.66

0.59

1.51 0.43
1.56 0.52

1.54 0.94
1.59 0.85

k 2.1 3.7 5.3 8.2
1.4 2.5 3.7 5.7

1 0.04 0.073 0.113 0.165
0.023 0.037 0.056 0.082

38.0
6.8 25.0 0.54

0.186 39.0 0.54
25.0 0.60

1.52 0.76
1.56 0.59

1.55 0.63
1.59 0.75

m 1.45 2.40 3.30 4.8 5.5 38.0
0.71 1.08 1.53 2.1 2.5 24.0

o 0.29 0.49 0.73 1.09 1.30 38.5
0.13 0.23 0.34 0.50 0.59 22.0

p 0.25 0.40 0.57 0.68
0.19 0.30 0.44 0.62

38.0
20.5

q o0.094 0.132 0.18 0.24
0.075 0.102 0.14 0.18

38.0
20.5

0.69

0.58

0.66

0.70

1.59 1.25
1.64 1.73

1.40 1.19
1.43 1.08

1.54 0.52
1.59 0.67

1.54 0.13
1.59 0.16

w = 44.5N Pmax=4 .57x10 8 N/m 2

37

0.80
0.18
0.027

1.05
0.26
0.040

1.6
0.40
0. 057

1.9
0.47
0.067

54.0
38.3
21.0

0.65
1.62
1.67
1.71

2.1
2.7
2.5



3.4.3 Traction Results

It was found most meaningful to plot the results of
traction as dimensionless quantities, since comparisions could
then be made more easily. The parameters chosen for this were

Traction coefficient f = traction force F
load W

and Slide/roll ratio z = (U1-U2 )/½(U1+U2)

It was found that f varied in the range 0-0.1 and E varied
from 0 up to 2, the latter corresponding to total sliding with
the disk stationary and U2 = 0.

By referring to the graphs (see Section 3.6) it can be seen
that:
(1) all curves approximate straight lines near the origin;
(2) the initial slopes do not depend on the rolling speed,

except through the ratio E;
(3) the curves approach a plateau region for large values of

Z; and
(4) none of the curves exhibits a peak, although more than one

value of E is sometimes obtained at fmax
max

Therefore the graphs could largely be characterized by two
measurable quantities: firstly the initial slope of the straight
line part of the graph of f against X, and secondly the maximum
value of f achieved in the plateau region.

It was noticed that graphs exhibiting this plateau region
were very similar to plots of shear stress against shear strain
(comparable axes to f end Z ) for loosely packed powders. i
An attempt was therefore made to analyze the data further in
terms of a powder model. This predicted that

A = ln(1 - f/ fmax), A = const. (7)

Therefore in addition to the above graphs, this relation
was also plotted for those fluids where a plateau was formed and
the plateau height f could be measured. All such plots gave
straight lines, so tXa powder model was developed and is
presented below.

The values of A and fmax for each fluid are presented in
Table 9m
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Table 9

SUMMARY OF TRACTION DATA

f X 10 3 Ax1 2
fmax x 10 A x 10- 2

12.5 1.5
17.0 1.5

33.0 6.4
33.0 3.6
43.0 8.3
43.0 5.4

40.0
40.0

84.0
84.0
90.0
90.0

62.5

11.2
14.8

2.5
3.7

25.0
25.0
25.0
25.0

17.0

1.1
1.4

T° C

35.0
25.0

WN

44.5
44.5

38.0 66.7
38.0 44.5
25.0 66.7
24.0o 44.5

37.0 44.5
25.0 44.5

39.0
38.0
21.5
23.5

21.5
39.0
53.5

66.7
44.5
66.7
44.5

66.7
44.5

40.0 44.5
25.0 44.5

2.4 36.0 44.5
3.7 24.8 44.5

5.2 38.0 44.5
4.2 27.0 44.5

1.8 39.0 44.5
3.6 20.0 66.7

44.5

2.5 38.0 44.5
3.8 25.0 44.5

4.9 33.0 44.5
5.9 24.0 44.5

2.2
2.0
4.0
3.8

3.5
2.5
4.4
3.4

40.0
40.0
22.0
22.0

38.0
38.0
21.0
21.0

66.7
44.5
66.7
44.5

66.7
44.5
66.7
44.5

Fluid

a

b

c

e

f

h

i

k

28.0
32.0

17.5
19.5

11.5
11.5

25.5
27.5

30.0
37.5

1

m

P

p

q

25.0
17.0
25.0
17.0

23.0
18.0
31.0
23.0
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3.5 THEORETICAL EVALUATION OF TRACTION BEHAVIOR

The results confirm the conclusion of Jefferis and Johnson16

that initially the traction coefficient is proportional to the
slide/roll ratio:

f Z= U1-U2. (8)

Uu

If the situation were Newtonian then the traction should
be predicted by:

f ¢ n U1-U2 (9)

and since ho (u)0.7 ho
~~~~~~~~~~~~~~(0)

f K n U1-U? · (10)

To resolve Eqs. 8 and 10, the apparent viscosity must
depend on the rolling speed

nx (7u)-0-3
app

This fact emerges as the greatest difficulty in the traction
problem. Some authors 17 , 1 8 have tried to solve the problem in a
Newtonian manner by considering that the frictional heating of
the fluid lowers the viscosity, but since this is negligible for
small Z the problem is not resolved.

Dyson 19 has identified the apparent viscosity with actual
viscosity for a Barlow-Lamb fluid, but met with little success
in fitting theory to experiment. The fact that all the fluids
behave in the same way makes this approach seem more unlikely.

Johnson has pointed out in the discussion to Ref. 20 that
fluids in EHD contacts exhibit traction properties similar to
granular solids.

This idea is followed through to see what it would predict
and how the experimental results are correlated. As is stated
later whether it is the correct explanation or not needs further
study.

4O



Suppose the high pressure fluid in the contact can be
considered as a loose packed powder. The microscopic structure
could be stylized as in Fig. 5. Consider just one "column" of
granules of diameter D. The structure will support normal load
and the height will be governed by inlet conditions. The force
required to lean the column over will be negligible, but the
column will fracture somewhere along its length as it passes
through the contact when the ends have a relative displacement
of one granule diameter D. Once fractured, the column
breaks up into disordered particles which have an observed
coefficient of friction which is constant as in the granular case.

For the contact as a whole, the problem resolves to what
proportion of particles are ordered (no friction force) and what
proportion are disordered (constant coefficient of friction f).

For distance x into the contact (see Fig.6) the relative
displacement of the column ends is:

(U1 - U2) - z x (11)
u

Disordered particles will be either totally inside or
outside the contact zone, therefore y must be some integer
multiple of D.

y = ND (12)

There must be some value of X, say Z below which this
condition is not satisfied, i.e. there is°a minimum value of E
before any traction occurs, as suggested by Plint. 2 1 This is
given by Eox = D x 1 and for x = 2a,

Z = D/2a. (13)

In general,

y = ND = z N-1 (2a-{N-l}D). (14)

Consider y increases by D as a result of an increase in X, 6z:

since (N+1)D = EN(2a-ND),

_ (N+1)D ND .(15)
2a-ND 2a-(N-l)D

But (2a-ND) = x, so provided D << x, it follows that

6E = D/x. (16)
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a. Loose Packing

Figure 5. Stylized diagram of packing

U1
Ball

I t I

I I I
x~~~~~~~~~~~~~~~~~~~~~~~~~~~I I I

I -x 0ir !. Y

I| ho Ordered I Disordered 
Particles ParticlesI Particles I Particles I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~II IF ~~~~~~~~~~~~~~~~~~~~~~~~~~I
I I I

U2 Disk

4 "2a

Figure 6. Contact area nomenclature
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But D is a steady increment in y, and is therefore proportional
to -6x. Thus AD = - 6x, where A is a proportionality constant,
and:

A6Z = - 6x/x (17)

Since Z = Z for x = 2a
O

x/2a = exp[- A(Z-Io)] (18)

This is the proportion of ordered particles, the proportion
of disordered particles is:

l-(x/2a) = l-exp[A(-Zo0)]; thus (19)

f = fgranule{l-ex A(E-Eo)]}, and (20)

1 -f/fmax = ex*XA(E-E0o. (21)

Since the particle diameter would be very small, then Z is
also very small and z plotted against log(l-f/f ma

x
) is a 

straight line of slope A. max

This analogy with loose packed powder seems useful and gives
quite a good fit with experimental fact, but actual evidence of
granules has not been produced. The most likely cause of such
particles (should they exist) is that nucleation centers appear
in the fluid as it vitrifies under the extreme pressure of the
contact. The effect of this glass transition has already been
pointed out by Poon in the discussion to Refs.16 and 21. Also
Jacobson2 2 has considered the effects of lubricants solidifying
in EHD contacts.

Some evidence has been found for vitrification with the
present apparatus. This was a series of tests with the fluid
5-phenyl 4-ether involving film thickness/speed measurements for
a range of pressures and temperatures. For each temperature
and pressure, three film thicknesses were chosen and the
corresponding film speeds were read from a graph of results. The
ball speeds, multiplied by the ambient viscosity at the contact
temperature were then plotted against contact temperature for the
three values of film thickness and resulted in three straight
lines as shown in Fig. 7. These all cut the temperature axis at
one point precisely. Since the viscosity cannot be zero at that
temperature, it follows that the film speed need only be zero
to give any film thickness. This can only be interpreted as
infinite viscosity for the fluid i.e. vitrification, so the
intercept of temperature corresponds to the glass transition point
at the contact pressure. This is borne out by the fact that the
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intercept temperatures plotted against pressure meet up with the
glass transition temperature at ambient pressure in Fig. 8, in
excellent agreement with the quoted pour point of the fluid 40°F.
Unfortunately little work was done on this line of approach with
the actual test fluids.

An interesting extension of the analogy of powders is that
at higher pressures than considered here, the fluids would
presumably behave like close-packed powders. In this case the
ordered particles would exhibit an elastic force which would
contribute to the coefficient of friction. Since this would
decay when the order is lost as z increases, there would be a
peak in the traction curve, and the same "ceiling" as at low
pressure, which is in keeping with experimental results.

Close packed powders exhibit large volume increases when
sheared, so the ultimate test of the analogy would be to look for
some such effect during shearing at high pressures (about
15 x 108 N/m2).

3.6 TRACTION DATA

A tabulation of the full array of traction data collected
is given in Table 10 and also in Figs. 9 through 32.

It will be noted that fluids d, g, j, and n (see Table 1)
have been omitted. These fluids gave films too thin to permit
measurement of either film thickness or traction within the
available speed range. (Fluid g did give marginally measureable
film thickness, only).
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Table 10

TRACTION DATA

Pentaerythritoltetravalerate

0.0

0.13

0.22

0.33

0.49

0.67

0.0

0.14

0.28

0.44

0.68

1.00

1.05 1.27

2.00 2.00

35.5

0.70

34.7

0.95

o.o

0.10

0.20

0.32

0.55

0.85

1.10

1.49

2.00

36.5

1.33

0. 0

0.10

0.23

0.36

o.46

o .57

0.o

O .11

0.22

0.32

0.41

0.51

0.0

0.09

0.16

0.23

0.32

0.47

0.0

0.09

0.16

0.25

0.34

0.44

0.72 0.78 0.82 0.67

1.40

2.00

24.5

0.32

1.30

2.00

25.3

0.50

1.38

2.00

26.0

0.67

1.32

2.00

26.0

0.82

Polyethylene Glycol

0.00 0.00 0.00 0.00 0.00

0.002

0.008 0.009 0.025 0.018

0.005

0.015 0.017 0.033 0.033 0.008

0.013

0.024 0.022 0.060 0.062

0.031 0.033 0.073

0.088

0.074

0.083

0.026

0.050 0.055 0.119 0.114

0.034

0.066 0.075 0.166 0.162 0.048

0.00

0. 003

0.006

0. 009

0.012

0.00

0.002

0.008

0.013

0.020

0.023

0.020 0.018 0.029

0.00

0.004

0.010

0.016

0.021

0.025

0.042 0.046

0.028

0.050

0.056

0.083

0.061

0.073

f x 10 - 3

0.0

2.0

4.0

6.0

8.0

10.0

11.0

12.0

12.5

16.0

17.0

ToC

Ulm/s

WN

0.0

0.10

0.22

0.37

0.54

o .73

o .96

2.00

34.5

0 .53

44.5

f x 10
-

3

0.0

1.4

2.1

2.8

4.2

5.7

6.4

7.1

8.5

10.6

11.4

12.8

14.2

17.0
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Table 10 continued

Polyethylene Glycol (continued)

0.058 0.060

0.132 0.114 0.249

0.158 0.150 0.361 0.351

0.226 0.240

0.070

0.093

0.098

0.074

0.090

0.110

0.123 0.109

0.222 0.219

0.516 0.369

0.376

0.486

0.805

2.00

0.350

0.500

0.758

2.00

0.915

2.00 0.178 0.180 2.00 2.00

0.387

0.690O. 890

2.00

24.0 24.0 38.3 38.2

0.20 0.33 0.22 0.28

44.5N

0.420

0.650

2.00 2.00

25.0 25.0 38.2 38.0

0.20 0.33 0.22 0.28

66.7N

Squalane

f x 10- 3

0.00

2.1

4.3

6.4

8.5

10.6

12.8

14.9

17.0

21.2

25.5

29.8

0.00

0.009

0.018

0.025

0.040

0.057

0.085

0.102

0.124

0.156

0.207

0.281

0.00

0.011

0.028

0.035

0.050

0.067

0.077

0.122

0.149

0.244

0.309

0.00

0.015

0.037

0.050

0.060

0.109

0.127

0.173

0.231

0.353

0.473

0.00

0.020

0.046

0.058

0.071

0.102

0.133

0.188

0.257

0.364

0.574
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f x 10
-

19.8

21.3

22.7

25.5

28.4

29.8

31.2

31.9

34.0

38.2

39.6

42.6

44.7

45.4

ToC

Ulm/s

W



Table 10 continued

Squalane (continued)

fx10- 3 E

34.0 0.389 0.457 0.631 0.812

38.2 0.490 1.024 1.145

40.3 2.00 2.00

42.4 0.815 0.871

44.5 2.00 2.00

T°C 25.0 25.0 37.0 36.0

Ulm/s 0.258 0.545 0.565 0.830

W 44.5N

Polychlorotrifluoroethylene Oil

f x 10- 3

0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.8 0.0012 0.0005 0.0006 0.0010 0.0009

4.3 0.0010 0.0013 0.0017

5.7 0.0010 0.0012 0.0021 0.0017

8.5 0.0016 0.0018 0.0022 0.0035 0.0029 0.0034 0.0026

11.4 0.0026 0.0037 0.0034

13.7 0.0024 0.0050 0.0049

14.2 0.0032 0.0045 0.0042

17.0 0.00oo46 0.0040 0.0045 0.0042 0.0064 0.0053 0.00o68 0.0049

22.7 0.0062 0.00o65 0.0080 0.0072

25.5 0.0077 0.0073 0.0081 0.0093

28.4 0.00o80 0.0073 0.0102 0.0090

34.0 0.0101 0.0100 0.0099 0.0096 0.0132 0.0129 0.0130 0.0117

40.0 0.0116 0.0123 0.0159 0.0144

42.5 0.0149 0.0138 0.0192 0.0182

45.4 0.0153 0.0157 0.0206

51.0 0.0224 0.0179 0.0196 0.0196 0.0267 0.0247 0.0249 0.0231

56.8 0.0230 0.0224 0.0337 0.0294

59.5 0.0329 0.0278 0.0394 0.0351

62.5 0.0257 0.0298 0.0o447 0.0400

68.0 0.0421 0.0385 0.0433 0.0410 0.0655 0.0724 0.0587 0.0593
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Table 10 continued

Polychlorotrifluoroethylene Oil (continued)

0.0517

0.107

0.0790

0.219 0.138

0.248

0.0636
0 .0636

0.0773

0.154

0.526

0.107

0.199

0.600

0.144

0.1225 0.1050

0.0984

0.2077 0.2065

0.300 0.424 0.351 0.382

also 2.00

2.00 2.00 2.00 2.00

21.0 21.5 23.5 24.0 38.0 39.0

0.0175 0.0175 0.0665 0.0665 0.094 0.094

44.5 66.7 44.5 66.7 44.5 66.7

38.0 39.5

0.133 0.133

44.5 66.7

Cyclododecylcyclododecane

0.00 0.00 0.00

0.0030

0.0050

0.088 0.0080

0.010

0.0178 0.014

0.020

0.0269

0.025

0.0329 0.031

0.039

0.0530

0.046

0.0733 0.063

0.097

0.1121

2.00 2.00

0.00 0.00

0.0025

0.0035

0.0050

0.0085 0.0075

0.010

0.013 0.0160

0.022

0.021

0.0285

0.034 0.039

0.045

0.052

0.0687

0.096 0.103

0.161

0.00

0.0040

0.0070

0.011

0.014

0.026

0.037

0.056

0.097

0.186 0.306

0.252 0.41 2.00 2.00

also 2.00

39.5 39.0

0.0812 0.0542

66.7 44.5

f x 10
- 3

73.7

76.5

79.3

85.0

88.0

90.7

ToC

Ulm/s

WN

f x 10- 3

0.00

2.8

4.3

5.7

8.5

11.4

17.0

22.7

25.5

28.4

34.0

39.8

42.5

45.4

51.0

56.8

59.5

62.5

0.0051

0.0118

0. 0178

0.0223

0.0340

0.0411

0.0504

0.0671

0.0802

T° C

Ulm/s

WN

21.5

0.011

66.7

21.5

0.0175

44.5

53.5

0.287

66.7

53.5

0.068

44.5
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Table 10 continued

Di(2-ethylhexyl)adipate

f.x 10
-

3

0.00

0.8

1.6

2.4

3.2

4.9

6.5

8.2

9.8

11.4

13.0

14.7

ToC

Ulm/s

WN

0.00

0.049

0.076

0.111

0.149

0.221

0. 308

0 .386

0.568

0.760

0.929

(1.910

t2.00

25.0

0.933

0.00

0.052

0.074

0.115

0.147

0.319

0.459

0.676

0.814

0.989

2.00

25.0

1.24

Di(2-ethyvlhexyl)-3,

0.00 0.00 0.00

O.038

0.o69

0. 116

0.165

0.235

0.335

0.522

0.671

0.914

I 0.999

2.00

25.0

1.57

0.050

0.085

0.146

0.212

o.415

0.551

0.751

0.969

2.00

42.0

2.00

0.044

0.089

0.154

0.241

0.419

0.578

0.791

1.00

1 .909

2.00

38.0

2.32

44.5

3,4,4-tetramethyl adipate

0.00 0.00 0.00

0.018 0.021 0.022

0.033 0.037 0.049

0.049 0.070 0.075

0.064 0.104 0.111

0.076 0.127 0.155

0.095 0.161 0.201

0.138 0.298 0.323

0.208 0.434 0.505

0.341 0.682 0.792

0.791 1.128 1.178

2.00

2.00

0.00

0.031

0.060

0.090

0.117

0.201

0.335

0 .611

1.098

2.00

2.00

24.8 24.8 24.8 37.0

0.198 0.323 0.475 0.223

44.5

35.4

0.402

36.5

0.595

0 .00

0.042

0.111

0.180

0.302

0.455

0.579

0.818

1.200

2.00

40.0

2.86

0 .00

0.016

0 .036

0 .058

0 .078

0.104

0. 122

0.195

0.299

0.484

0.733

2.00

f x 10- 3

0.00

2.0

4.0

6. 

8.0

10.0

12.0

16.0

20.0

24.0

28.0

29.0

30.0

32.0

ToC

U rm/s

WN

0.00

0.011

0.018

0.040

0.064

0.086

0.106

0.153

0.204

0.355

0.597

2.00

50

2



Table 10 continued

Bicyclohexylbutane

0.00

0.009

0.018

0.026

0.041

0.070

0.106

0.00

O.011Ol

0.017

0.032

0.043

0.084

0.125

0.181

0.338

0.562

1.064

2.00

27.0

1.235

0.361

0.648

2.00

0.00

0.005

0.015

0.028

0.036

0.055

0.075

0.095

0.149

0.203

0.340

0.59

2.00

27.0 38.0

1.650 1.485

44.5

Oleic Acid

0.019

0.026

0.042

0.047 0.094

0.184

0.267

0.277

0.783 0 .833

2.00

2.00 2.00

19.0

0.040

44.5

0.0190 .019

0.050

0.054

0.123 0.089

0.160

0.230

0.047 0.063 0.084 0.131

0.134 0.173 0.262 0.303

0.252 0.299 0.427 0.411

0.469 0.657 0.558 0.505 0.588 0.859

1.038

2.00

20.0

0o.087

66.7

20.0

0.087

44.5

0.792 1.016 1.311

2.00

2.00

21.3

0.138

66.7

2.00

21.0

0.138

44.5

2.00

38.0

0.282

44.5

2.00

39.0

0.618

44.5

38.0

0.933

44.5

f x 10- 3

0.0

0.8

1.6

2.4

3.2

4.9

6.5

8.2

9.8

11.4

13.0

14.7

16.4

18.0

19.6

ToC

Ulm/s

WN

0.0

0.013

0. 019

0.028

0.045

0.051

0.076

0.098

0.142

0.165

0.190

0.254

0.342

0.717

2.00

27.0

0.975

0.00

0.013

0.019

0.028

0.043

0.057

0.077

0.090

0.155

0.189

0.345

0.481

0.878

2.00

38.0

1.955

0.00

0.009

0.018

0.028

0.041

0.051

0.086

0.113

0.159

0.196

0.406

0.710

0.882

2.00

38.0

2.325

0.016

0.039

0.095

0.190

0.316

f x 10- 3

1.4

2.1

2.8

4.3

5.7

6.4

7.1

8.5

9.9

10.6

11.4

12.8

T° C

Ulm/s

WN

19.0

0.040

66.7



Table 10 continued

2-EthylhexyldiphenylDhosphate

0.00 0.00 0.00

0.018 0.037 0.033

0.038 0.062 0.061

0.062 0.099 0.088

0.102 0.145 0.128

0.148 0.179 0.180

0.182 0.306 0.255

0.303 0.510 0.513

0.513 0.699 0.668

0.702 1.215

2.00 2.00

0.00

O.037

0.069

0.128

0.212

0.310

0.440

0.741

0.989

2.00

2.00

24.0

1.045

38.0

1.045

38.0

1.280

38.0

1.765

44.5

1,1,7-TrihydroperfluoroheptylDerfluoroglutarate

0.0

o.oO8

0.014

0.019

0.027

0.046

0.063

0.096

0.145

0.404

0.0

0.005

0.014

0.023

0.027

0.039

0.050

0.076

0.132

0.201

0.340

0.564 0.551

1.070

2.00 2.00

23.0 24.0

0.157 0.259

0.0

0.006

0.014

0.020

0.029

0 .040

0.060

0.082

0.109

0.189

0.338

0.685

1.232

2.00

25.0

0. 419

0.0

0. 009

0.020

0.031

0.042

0.062

0.085

0.141

0.172

0.293

0.546

0.778

2.00

34.5

0.267

0.0

0.011

0.022

0.035

0.045

0.060

0.079

0. 102

0.137

0.245

0.670

2.00

0.0

0.011

0.019

0.031

0.042

0.053

0.077

0. 2 25

0.220

0 .381

0.980

2.00

32.6 33.2

0.455 0.675

f x 10- 3

0.00

2.0

4.0

6.0

8.0

10.0

12. 0

16.0

20. 0

24. 0

26.0

28.0

T° C

Ulm/s

WN

0.00

0. 009

0.029

0.042

0.081

0.105

0.140

0.204

0.307

0.615

2.00

24.0

0.521

0.00

0.017

0.035

0.054

0.076

0.099

0.128

0.327

0.635

2.00

25.0

0.665

f x 10- 3

0.0

2.0

4.0

6.o0

8.0

10.0

12.0

16.0

20.0

24.0

28.0

30.0

32.0

36. 0

38.0

ToC

Ulm/s

WN
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Table 10 continued

Dimethylsilicone (100 cS)

Z,
0.

0.

0.

0.

0.

0.

0 

{.

C2.

21.

O.

44.

0.

.0 0.0 0.0 0.0

0.005 0.007

.010 0.028

0.013 0.017

.040 0.019 0.076 0.029

0.028 0.047

.079 0.119

0.045 0.059

.142 0.050 0.235 0.090

0.074

.257 0.320

0.092 0.194

.401 0.485

0.145 0.32

.023 0.254 1.57

00 2.00

0.433 0.501

0.553

0.850 2.00

12.00

5 22.4 23.0 23.0

107 0.107 0.178 0.178

5 66.7 44.5 66.7

Dimethylsilicone (1000 cS)

Z
0 '.0 0.0 0.0

0.004 0.010

,. 011

0.026

0.053

0.008

0.014

0.023

0.031

0.023

0.038

0.137

0.028

0.041

0.068

0.0

0.030

0.119

0.260

0.355

0.711

0.940

2.00

39.0

0.142

44.5

0.0

0.013

0.091

0.169

0.00

0.015

0.030

0.041

0.065

0. 109

0.171

0.240

0.270

0.350

0.476

0.814

2.00

39 .5

0.142

66.7

0.0

0. 13

0.031

0.053

0.099

0.00

0.037

0.123

0.221

0.360

0.468

0.811

1.11

2.00

0.00

0.022

0.029

0.051

0.091

0.116

0.192

0.230

0.271

0.445

2.00

39.5 41.0

0.186 0.186

44.5 66.7

0.0

0.016

0.055

0.173

0.0

0.009

0.027

0.056

0.073

53

f x 10- 3

O. 0

1.4

2.1

2.8

4.2

5.7

6.4

7.1

8.5

9.8

10.6

11.4

12.8

14.2

14.9

17.0

19.8

22.7

29..5

ToC

U m/s

W N

f x 10- 3

0.0

1.4

2.1

2.8

4.2

5.7

6. L

7.1

0.0

0.017

0.039

0.079

0.207

0.308

0.336

0.666

2.00

21.0

0.053

44.5

0.0

0.016

0.027

0.105

0.0

0.004

0.010

0.017

0.028

0.040

0.061

0.081

0.119

0.165

0.194

0.316

0.712

2.00

21.4

0.053

66.7

0.0

0.004

0.007

0.013

0.020

0.031



Table 10 concluded

Dimethylsilicone (1000 cS) (continued)

0.112 0.047

0.063

0.130 0.046

0.061 0.175

0.351

0.081

0.210

0.113

0.511 0.193

0.277

2.00 0.382

0.920

2.00

21.3

0.054

44.5

21.3

0.054

66.7

0.270

0.621 0.586

0.439

2.00 0.964

2.00

2.00

38.0

0.017

44.5

38.0

0.017

66.7

0.282 0.145

0.196

0.438

0.306

0.454

0.689

0.959

2.00

38.0

0.035

66.7

38.0

0.035

44.5

0.266 0.145

0.181

0.382

0.271

0.589

0.834

2.00

37.5

0.049

44.5

0.422

0.549

0.786

2.00

38.0

0.049

66.7

0.097

0.297

f x 10
- 3

8.5

9.8

10.6

11.4

12.8

14.2

17.0

19.8

22.7

28.4

31.2

ToC

Ulm/s

W N

0.606

0.779

2.00

21.3

0.040

44.5

0.153

0.224

0.344

0.437

0.790

2.00

21.3

0.040

66.7
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4. FILM THICKNESS IN LINE CONTACTS

4.1 SCOPE OF WORK

An elastohydrodynamic line contact between a tapered
roller and a glass disk was studied under conditions of almost
pure rolling using four of the test fluids supplied for evalua-
tion (a,b,e and q). Film thickness and shape were measured by
optical interferometry. Film thickness was simultaneously
measured by a capacitance method, and the results of the two
methods were compared. Loads of up to 2,420 N (540 lbf) were
applied giving'a maximum Hertz pressure of up to 8.89 x 108Nm-

2

(128,850 lbf-in-2). Measurement of the low voltage electrical
resistance of the oil film gave some information on asperity
contacts, and the effect of the roller end profile on film shape
was also investigated.

4.2 TEST RIG

4.2.1 General Description

Fig. 33 shows a schematic view of the rig. The single
tapered roller runs between an upper, flat glass disk and a lower,
angled steel race. The steel race is driven via a light chain
from a motor and gearbox. The roller is kept in one position by
a restraining arm, causing the glass disk to counter-rotate.
The glass disk is loaded locally against the roller by a
pneumatic loading device acting through an oil hydrostatic thrust
bearing. The steel race is supported by a heavy series ball
thrust bearing.

The glass disk is attached by a self aligning bearing to a
central shaft, which is free to move vertically in a guide
(Fig. 34). This allows the glass disk to align itself with the
roller. Perfect alignment is essential for uniform load dis-
tribution along the length of the contact. The weight of the
glass, central shaft and other attachments is supported by an
adjustable compression spring.

The steel race is fitted with an oil seal at its center
and a lip around its perimeter in order to keep the lubricant
in good supply around the contact. It has nonetheless proved
difficult to maintain fully flooded conditions at high speeds,
and this has made it difficult to make measurements at mean surface
speeds above 1.25 m/s (50 in/s).
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The contact is viewed through the loading systems and glass
disk using a specially designed long working distance microscope
and incident illuminator. A semi-reflecting layer of chromium is
vacuum deposited onto the lower surface of the glass disk, to allow
the formation of interference fringes. Electrical connections are
madeto the roller and chromium coating via mercury contacts to allow
measurement of capacitance and resistance across the film.

4.2.2 Motor Drive and Speed Measurement

The steel race is driven by a 1/5 H.P. D.C. electric motor
via a 50:1 worm gearbox and chain drive. The size of the chain
sprocket on the gearbox can be altered to give a 1:1 or 2:1 ratio,
giving an overall speed reduction of 50:1 or 100:1. The motor
speed is controlled by a rectified autotransformer giving a speed
range of about 500:1 with an accuracy of about 2% over all except
the lower end of the range. A thyristor control with tachometer
feedback would have been more precise, but it was found to cause
too much electrical disturbance when making capacitance measure-
ments.

The speed of the steel race was measured by a magnetic
transducer positioned next to a 120 tooth gearwheel on the motor
shaft. The transducer output was fed into a digital counter,
which displayed the number of pulses received per minute. Know-
ing the speed reduction ratio, the speed of the race was easily
found. The speed of the glass disk was measured by timing a
given number of revolutions.

Assuming no slip takes place, the geometry predicts that the
speeds of the disk and steel race should differ by less than 1%.
This is within the limits of accuracy of speed measurement and is
therefore neglected. Within the ranges of load and speeds used,
the slip between the steel race and glass disk was found to be
always less than 5%, and in most cases was less than 2%.
Although the speed of the roller could not be measured directly,
it seemed safe to assume that its speed was near the average of
its upper and lower races, and so no significant error would be
introduced by estimating the mean surface speed in the contact to
be that of the lower race. All subsequent speed measurements were
therefore taken directly from the digital counter.
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4.2.3 Loading System

4.2.3.1 General Description

Fig. 35 shows a diagram of the loading system. It consists
of a piston and cylinder arrangement, operated by pneumatic
pressure, pushing downwards on to the glass via a single pocket
hydrostatic thrust bearing. In order to follow any runout in the
rotating parts underneath without load fluctuation, the piston
must be able to slide with very little friction, and for this
reason it is located in the cylinder by a double row air journal
bearing, the piston itself acting as the inner member. A
neoprene rolling diaphragm acts as a seal at the top, and the air
pressure inside the piston acts as a supply for the air bearing.
The hydrostatic bearing and the top casing are fitted with glass
"windows" to allow the contact to be viewed with the microscope.

4.2.3.2 Piston and Air Bearing

The pressure inside the piston is continuously variable from
0 to 8.275 x 105N m - 2 (120 lbf in-2) by an accurate pressure
controller. This gives a maximum downward force of 2,420 N
(540 lbf). The air bearing consists of two rows of 12 holes
accurately drilled to 3.56 x 10-4m (0.014 in). The clearance in
the bearing is about 5.08 x 10-5 m (0.002 in). At low loads,
the air bearing has to operate below the pressure for which it is
designed, but this is not important because at such loads the
compliance of the hydrostatic bearing is large enough to take
up the run-out without drastic load fluctuations.

4.2.3.3 Hydrostatic Thrust Bearing

This is a single rectangular pocket bearing with an
effective load carrying area of approximately 6.45 x 10-4m 2

(1 in2). At the maximum load of 2,420 N (540 lbf) the required
oil pressure is about 3.08 x 106N.m- 2 (450 lbf in-2). The oil
supply is provided by a two stage gear pump running at 900 rpm.
The output is about 1.5 x 10-4m3/s (2 imperial gallons per
minute).

The oil is cooled and filtered, and the supply to the bear-
ing is regulated by orifice restrictors, (Fig. 36). One
restrictor is in the supply line and prevents the flow from
exceeding the rate of return from the collection trough when the
load is zero. The other restrictor is placed in a by pass line to
ensure that the flow to the bearing is enough to generate a film
thickness of about 2.54 x 10-5m (0.001 in),when the bearing is
under maximum load.
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4.2.4 Optical System

4.2.4.1 Formation of Interference Fringes

The roller surface is highly polished to provide good
reflectivity. This is achieved using diamond paste, and the surface
roughness is estimated at 2.54 x 10-Im (1 microinch) center line
average. It is not possible to obtain as good a finish as that
on steel balls because of the difficulty in preserving the
geometry. The reflectivity is estimated at 50% at best in oil
compared with about 60% for a 2.54 x 10- 2m (1 in) ball, and a
few scratches are also visible.

The glass disk is optically polished, and the faces are
parallel to within 2.54 x 10- 6m (0.0001 in.). The lower face
is coated with a semi-reflecting layer of chromium, vacuum
deposited while the glass is hot (140° ) to provide greater adhesion.
The layer gives about 44% transmission and 22% reflection in air.
These values change to about 52% and 14% respectively in oil.
Assuming 50% reflection at the roller surface, this gives two
interfering beams of almost equal intensity, which is the condition
for maximum fringe visibility.

Two beam interference fringes are formed in the usual way
(see Fig. 37) between the chromium layer and the roller surface,
following the relation:

(21A)
NX = 2 nh cos 6 + $,

where h is the thickness at the Nth dark fringe, and $ is a con-
stant to account for the phase change at the chromium layer.
(The phase change at the steel surface is assumed to be i).
This relation relates to monochromatic fringes, using light of
wavelength X. Most of the measurements were made using duo-
chromatic light (red and green). The effect of this is to
produce two sets of fringes superimposed on one another, and
the resulting pattern contains various mixtures of red and green
fringes. This makes fringe order more easily identifiable and
was first used by Wedeven.9

The chromium layer is covered by a layer of silicon oxide*
of thickness 198nm (1980 A). This is used for capacitance
measurements, and being transparent, has no effect optically
apart from acting as a 'spacer' layer. Its effect is
automatically taken into account during fringecalibration.

* Vacuum deposited film of silicon oxide have the general
composition SiOn where n is between 1 and 2.
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4.2.4.2 Microscope and Illuminator

A magnification of up to X200 is required, and the working
distance has to be about 5.08 x 10'2m (2 in) in air due to the
space taken up by the loading system. No commercial microscope
satisfied these requirements, and so a special purpose microscope
was designed and built. A schematic diagram is shown in Fig. 38.
The objective lens (A) is a conventional X 10 achromatic doublet
scaled up four times. This has the effect of increasing the
working distance from 1.27 x 10-2m (1/2 in) to about
5.08 x 10-2m (2 in) while keeping the same magnification.
However, the tube length now becomes about 5.08 x 10-1m (20 in)
which is inconvenient. A pair of lenses (B,C) are therefore
introduced which considerably shorten the physical tube length
without affecting the optical tube length. A conventional eye
piece (D) is used to provide secondary magnification of up to
X 20.

Incident illumination is provided via a 45 ° semi-reflecting
mirror, coated with titanium dioxide, The light source is a
100 watt, 12 volt quartz iodine lamp, (for visual work) or a
100 joule xenon flash tube (for high speed photography).
The collimator is a modification of a design by Hopkins,
described in Ref. 9, which gives control over the size of field
and the degree of collimation. The latter also affects the
intensity of illumination.

All glass/air interfaces are coated with quarter-wavelength
thicknesses of magnesium fluoride to cut down reflections.

High speed photographs are taken using a 35 mm single lens
reflex camera with an adaptor and extension tubes to fit the
microscope tube. If the eyepiece is retained, the field of view
is rather small, and best results are obtained without an
eyepiece. In this case, the magnification is determined by the
length of extension tubes. A xenon flash tube gives a maximum
of 100 joules in 1 millisecond. The discharge is run from a
1,000 volt discharge unit, having a bank of six 33 pF capacitors.
The energy of the discharge can be varied by altering the number
of capacitors connected, and this method is used to obtain the
correct exposure. Black and white photographs are taken using
a nominally 400 A.S.A. film which is uprated to 650 A.S.A. by
using a high speed developer.

Duochromatic light for visual work is produced by inserting
a Wratten 77A filter in the collimator tube. This gives two
discrete wavelengths at 546 and 630 nm (5460 and 6300 A). For
black and white photography an additional filter, Wratten 74, is
inserted. This blocks the red light, leaving only the green at
546 nm (5460 A).
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4.2. 5 Electrical Connections

Electrical connections are made to the roller and chromium
layer by means of mercury contacts, shown diagrammatically in
Fig. 39.

The roller has a hole through the center into which is
pressed a copper sleeve, closed at one end. The closed end is
soldered to the roller. The copper sleeve contains a small
amount of mercury, and a copper wire intrudes into the open end
and makes contact with the mercury. It has been found that there
is no need to seal the mercury in, because it wets the copper
and is thus held inside by its own surface tension.

The central region of the chromium layer is covered by an
annular coating of gold during the vacuum-deposition process.
This allows a soldered connection to be made, and ensures good
contact with the chromium. A wire is led up the inside of the
central shaft and the external connection is made through a
screened mercury contact.

Both sides of the capacitor must be insulated from the
rest of the rig, which is earthed to act as a screen. This
necessitates the addition of 'Tufnol' bushes between the base
plate and the bearing races. These are at least 3.17x10- 3 m
(1/8 inch) thick to minimize stray capacitance.

4.3 OPTICAL MEASUREMENTS

4.3.1 Calibration of Fringes

The method of calibration was to observe the position of
duochromatic fringes in a system of known geometry, using similar
bounding surfaces to those in the rig. The roller and glass
disk themselves were not used because the small radius of
curvature made it difficult to position fringes accurately.
Instead, a plano-convex glass lens of radius 18.3 m (60 feet)
was placed against an optically p lished steel flat. Monochromatic
light of wavelength 546 nm (5460 A) (from a mercury lamp) was
used to form air fringes (concentric rings) in the narrow
wedge between the glass and the steel. The arrangement is shown
in Fig. 40. The aspheric lens was adjusted to give parallel
light and this was reflected by the semi-reflector onto the glass
at normal incidence. The fringes were observed through the
camera, using a bellows attachment to focus. A color
transparency was taken, and projected onto a screen. The diameters
of the rings were measured and plotted against thickness, which
could be deduced from
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NX = 2 n h cos O. (22)

In this case, 0 is zero assuming no phase change at the glass/air
interface and n is unity, so the relation reduces to:

NX = 2 h. (23)

The curved surface of the glass was then coated with chromium and
silicon oxide in the same operation as the glass disk from the rig.
This ensured that the coatings were identical. The coated lens
was then replaced on the steel flat, but this time the gap was
filled with oil of known refractive index. The mercury lamp was
replaced by the quartz iodine lamp from the rig, and the 77A filter
inserted to give duochromatic light. A color transparency of the
duochromatic fringes was made and projected to exactly the same
size as the first transparency, using the diameter of the lens as
a reference. The diameter of the fringes were measured, and the
corresponding thickness was read off directly from the graph after
correcting for the refractive index of the oil. The result is
given in Fig. 41. Thicknesses relate to air (n =1), so they must
be divided by the refractive index of the oil being tested.

4.3.2 Measurement of Film Shape

Fig. 42 show photographs (taken with monochromatic light and
without the silicon oxide layer) of the fringe patterns at the
end of a flat roller, i.e. one with no end blend. The direction
of lubricant flow is from top to bottom. Noticeable features are:

(a) A rear closure running the length cf the Hertzian region and
broadening with increasing speed.

(b) A much more severe end closure again broadening with
increasing speed. The minimum film thickness seems rather
insensitive to speed.

(c) Broadening of thie He--ctzian region at the end of the roller
due to a local stress concentration.

The photographs were measured with a traveling microscope
to give the film shape along axial and transverse sections. The
results are plotted in Figs. 43 and 44.

4.3.3 Variation of Film Thickness with Speed

4.3.3.1 Central Film Thickness, h°

The fringe colors of the central region were observed at
various speeds and at two loads. Duochromatic light was used,
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Figure 42. Interference photographs of a line contact 
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and a silicon oxide layer enabled simultaneous capacitance
measurements to be made. Four of the test fluids, a,b,e and q,
were used. The temperature of the oil in the inlet region was
measured with a small thermocouple placed as close as possible
to the contact, and was read from an electronic thermometer.
The thermometer was checked against melting ice before each run,
and adjusted if necessary.

The results were converted into the usual non-dimensional
form, with parameters ho/R and Uno/E'R.

The central film thickness, h , was evaluated by finding the
thickness in air from the fringe calibration chart and dividing
by the refractive index, n,of the oil. The value of n was
calculated from the refractive index at atmospheric pressure,
no, using the following relations:

n 2 = l+2A
1-A ' (24)

n2-1
where A = p ( o )25)

_( ~~~~~~~~~~(.25)
Po n2+2

0
The density ratio, p/po0 , was calculated from the Hartung relations:

6

P/Po = 1 + 42.8x10 p(26)
(v1 0 0 )0'0385

where v 10n is the kinematic viscosity in centistokes at
37.78°C. (00°F.), and p is the average Hertzian pressure. The
value of no0 used was that at the temperature of the inlet region
at the time of the reading. It was found by linear interpolation
between known values at two temperatures.

The value of R used was that at the mid-point of the roller,
where all measurements were made, and was measured to be
0.00406 m.

11 _2
The value of E' was calculated to be 1.20 x 10 N m

(17.37 x 106 lbf/in2).

The viscosity at the inlet, n ,was found at the test
temperature using the Walther-A.S..M. formula

log log (v + 0.6) = K - c log T, (27)

where v is in centistokes and T is the absolute temperature (°K).
The constants K and c were found by substituting known values
of v at two temperatures.

85



4.3.3.2 Film Thickness at the Narrowest Point of the Rear
Closure hmin

This was measured in exactly the same way as the central
film thickness, although the fringe color was much harder to
detect since the area under observation was much smaller. Measure-
ments were made on fluid e only, at the same time as the central
film thickness measurements.

4.3.3.3 Discussion of Results

Figures 45, 46, 47 and 48 show film thickness versus speed,
plotted non-dimensionally. Fluid a and b form rather thin films,
and consequently there is a large uncertainty in the film thickness
at the lower speeds. However, the points tend to follow straight
lines, and their slopes are measured to be approximately:

Fluid a: Slope = 0.6
" b: " = 0.66
" e: " = 0.57
" q: " = 0.5

The relatively few reading for fluid q (Fig. 48) may
account for the relatively low slope for this lubricant. With
the exception of fluid q, however, the slopes are fairly close
to the values obtained with point contact.

For fluid e, the minimum film thickness at the rear closure
is also plotted non-dimensionally (Figs. 49 and 50) and shows
a reduction in film thickness ranging from 13% to 20%
(approximately). The largest reduction occurs at the slowest
speeds. The reduction also appears to be slightly more severe
at the higher load than at the lower.

An estimate for the pressure-viscosity coefficient a for
fluid e was obtained from Dowson and Higginson's2 3 film thickness
formula:

0.7 0.6
H*. = 1.6U* G* (28)

minw* . 13W*0.13
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where
H*. = h . I/R, non-dimensional film thickness parameter,
min min

G* = E'a, " " materials "

U* = uno /E'R " " speed "

and W* = W/E'RL " " load "

The curve chosen for measurement of U* and H*min was that in
Fig. 50, since this had the closest slope to 0.7. A value of
3x10 10 was chosen for U* since this intersected the curve
where uncertainties were least. At this point H* was
1.75x10 4 and Eq. 28 gave a = 4.8x10

-
8 m2 /N (3.3x10- 4 psi-1).

4.4 CAPACITANCE MEASUREMENTS

4.4.1 Measurement Circuit

The capacitance between the chromium layer and the roller
was measured with an Audio Frequency Capacitance Bridge using
an external source and detector. The measurement frequency
was set at 20 kHz. The detector was a high gain tunable
amplifier with a sensitivity of less than 1 pV. The output was
fed into the Y amplifier of an oscilloscope, which was set for
X-Y operation. The X plates were connected directly to the
oscillator. This arrangement gave the form of an ellipse on the
screen when the bridge was out of balance, and as balance was
approached, the ellipse tended towards a horizontal line. This
made the balancing procedure very easy because the major and minor
components could be balanced out separately - the major component
affected the orientation of the ellipse, and the minor component
affected the length of its vertical axis. The complete circuit
is shown in Fig. 51.

4.4.2 Silicon Oxide Layer

First attempts at measuring capacitance showed that the
frequent bridging of the oil film by asperities was causing a
great deal of disturbance to the wave form. This was particular-
ly serious with fluids a,b, and q because they did not form very
thick films. It was therefore decided to eliminate all asperity
contact by covering the chromium with a thin layer of silicon
oxide. This was tried out with a new disk, depositing the
chromium and the silicon oxide in the same operation. The
thickness of the silicon oxide was monitored during the operation
and deposition was stopped when the thickness reached 198nm (1980 R).
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Another great advantage of using a silicon oxide layer is that
the full bridge voltage (about 4 volts) can be applied without
fear of electrical breakdown. Previously, the voltage had to be
kept in the millivolt range, causing a drastic reduction in
bridge sensitivity.

4.4.3 Measurement Procedure

Measurements were now quite easily made, and fluids a,b,e and
q were evaluated. This was done at the same time as making the
optical measurements, and as previously mentioned, runs were
made at two loads.

4.4.4 Series Resistance of the Chromium Layer

The chromium layer has a surface resistivity of approximately
50 Q/cm2, and at 20 kHz this has a noticeable effect on the
measured value of capacitance. The correction of the measured
values to give the true values involve converting the parallel
parameters of the bridge to the series parameters of the circuit.

R

t~~~~p T~~~Cs

I T
If the impedances of the above circuits are equated, and

the real and imaginary parts are separated, we get:

R R- [1 + (wR C )2 and (29)
Rs Rp'

s Cp [1 + (RpC) ]

Thus by measuring C and R from the bridge we can find the
capacitance of the Bil filR, Cs, and the series resistance of the
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chromium, R . The value of R calculated from each measurement
was found to vary only slightly and took the value
R = 11,000 ± 1,000 ohms, which showed that the conversion was
ii fact valid. As a result of this, it is found that C becomes
rather insensitive to changes in C , which makes the bridge rather
more difficult to balance. An answer to this would seem to be
to reduce the measurement frequency, whereupon the effect of the
series resistance would become smaller. However, on taking a few
measurements at 1 kHz and 8 kHz, it was found that they gave
anomalous results. The reason for this was thought to be that
relaxation effects were occurring in the silicon oxide, causing
an unpredictable dielectric constant. These were probably caused
by such things as ionic impurities and interfacial polarization
which are known to have an effect at low frequencies. It was
therefore necessary to keep the frequency at 20 kHz. It is
suggested for future work that a more highly conductive film
be tried instead of chromium, such as gold or silver. It is
though that there should be a good chance of such a film re-
maining intact despite its softness, because of the protection
afforded by the silicon oxide, which is extremely durable.
It is also suggested that the thickness of the metallic coating
be increased beyond the optimum value for fringe visibility.
This would increase the conductivity at the expense of some
fringe visibility.

4.4.5 Calculation of Film Thickness

The method is that used by Dyson, Naylor and Wilson2 4 with
certain modifications to take into account the silicon oxide
layer. The problem is tackled by calculating the capacitance
at various selected film thicknesses and drawing a calibration
graph. The following assumptions are made:

(a) The shape of the surfaces is the same as in the
Hertzian case of dry contact, but with the addition
of a constant separation , (h +h ), where h is the
oil film thickness and h is ?hes hickness 8f
silicon oxide.

(b) The inlet and Hertzian sections of the film are
completely filled with oil, but at the outlet
section, the film of lubricant divides into two
parts, each of thickness ho/2, one part adhering
to the roller, and the other to the glass disk,
and the remainder of the outlet section is
composed of air.

A diagram of the model is given in Fig. 52. The shape of
the gap between the two surfaces, according to Hertz is given by
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h2 = - [ I j (30)
-2R I 

2
1 I-i ~

where ~ = x/b 2 1.

The total capacitance is divided into three sections

C = C
i
+ Ch + Co, (31)

where C
i

is the capacitance of the inlet section (cm/cm),

C " " " " " Hertzian " " ",h
C " " " " " outlet " " "
O

also, bC = ___________________ (32)
Ch 2X[ho/h + hs/ sh'o h s sh

where sh is the permittivity of the oil in the Hertzian region, and

Esh " " " " " silicon oxide in the Hertzian
region.

sh and Csh are estimated at the mean Hertz pressure, p, which is

calculated from the measured value of the half-width, b. Since
no data are available for sh and Esh, they are estimated from

the values at ambient pressure, Eo and es , using

£O.-I
Ehsh +1-A where A = p O., 1 (33)
Sh,sh 1-A ' +0 O's

For sh '

p 1+ 42.8xlO-6 4

(vlOO)0.0385 (34)
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For ash

P = 1 + P

Po Es

where Es is the Young's modulus of silica.

The inlet and outlet capacitances are given by

c oo dx
CiO J~b 4,ffo + h2 + s '

IC0 e1 Cs

(35)

(36)

where e1 = E0 for the inlet, and

2= 1 for the outlet.

The formula for the Hertzian shape is then substitued for h in
the above expression, and the substitution 2

= 1 (37)

is made to avoid the infinity in the integral. A parameter X is
defined

(38)
0(ho e s)

and that gives

Y = b x ff 2 + X{I I| -21n[ tl/C + /i' 2- 

where h_ h_ d.

(39)

(40)
Y = Ci, o
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The above function has been numerically integrated for a range of
values of X in Ref. 24 and a table of values compiled. Using
this table, values of Y have been found by linear interpolation.
This gives C. and C . When C., C and Ch are added together we
have the total capacitance C in e.s.u. cm. per cm. transverse
width of roller. To convert to picofarads we use the relation

c
c
= LC/O.9 (41)

where L is the length of the roller

C is the total capacitance in picofarads.
c

The calculation was done by computer for each fluid at both loads,
and a calibration curve for each was drawn (Figs. 53, 54, 55, and
56).

4.4.6 Measurement of the Dielectric Constant of the Silicon Oxide

The bulk value of silicon monoxide is about 5, but a more
accurate figure is required, especially as the value for a thin
film is probably different from the bulk value, and the exact
molecular structure is not known.

To measure this, the rig was assembled dry, and loaded
statically at 8 different loads. The capacitance at each load
was measured. If a value for C is guessed, the theoretical
capacitance can be calculated exactly as in section 4.5 except
that now we have C1 = 1 for both inlet and outlet sections, and
h = O. This can now be compared with the measured value, and
the value of C adjusted correspondingly. The process is repeated
until the theoretical and measured values are within given limits.
The iteration process is done by computer. It was found that no
single value of c would agree with the calculation at all loads.
If agreement was reached at the highest load, then values for
lower loads were too small. This could be interpreted by saying
that at the lower loads, asperities were keeping the surfaces
apart, giving us a false value for the separation, h s. The value
taken was therefore that which agreed at the highest load. This
gave a value for the dielectric constant of 5.485 at 20 kHz.

4.4.7 Measurement of Dielectric Constants of Test Fluids

The method of measurement was to use a cell specially
designed by A. Smith, of the Lubrication Laboratory, Imperial
College. This consisted of two concentric cylindrical surfaces
maintained at an exact separation, with suitable screening from
external influences. The capacitance was first measured with
no fluid in the cell, and then with the test fluid filling the
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gap. The ratio of the two capacitances gave the dielectric
constant, estimated to be correct to within 1%. The values for
the four test fluids used were

fluid a: 3.555
" b: 5.570
" e: 2.930
" q: 2.731

All measurements were taken at the test frequency of 20 kHz.

4.4.8 Discussion of Results

Non-dimensional film thickness, determined by capacitance,
is plotted against non-dimensional speed in Figs. 57, 58, 59 and
60. The points tend to lie on straight lines, but the slopes are
in all cases greater than the corresponding slopes determined
optically.

To compare these data:

Fluid Slope (optical) Slope (capactive)

a 0.6 0.88

b 0.66 0.76, 0.94

e 0.57 0.62

q 0.5 0.56

The difference is most marked for fluids a and b. Figs 61,
62, 63, and 64 show a direct comparision of film thickness deter-
mined by the two methods, and it is seen at once that agreement is
only close at the higher film thicknesses. The discrepancy is
greatest where the film thickness is least. The effect of surface
roughness is certainly not negligible at such film thicknesses
as shown in Ref. 25, and will cause a departure of this kind,
but this effect is certainly not great enough to be wholly
responsible in this case. It is concluded, therefore, that
this lack of agreement is also partly due t some behavior of
the dielectric which has not been taken into account. This could
be, for instance, increased polarization due to charges on the
oil/silicon oxide interface (interfacial polarization). One check
would be to use a higher frequency. Until this can be done,
it seems most probable that the capacitance measurements
(at small film thickness, especially) are the cause of most of
the discrepancies seen in Figs. 61 through 64.
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4.5 LOW VOLTAGE RESISTANCE MEASUREMENTS

4.5.1 Introduction

Using the same electrical contacts to the roller and
chromium layer, but this time with a disk having no layer of
silicon oxide, the low voltage electrical resistance of the oil
film was investigated, Tests were conducted with fluid b and
were designed to give some information on asperity contacts,
which provided low resistance bridging of the normally non-
conducting film.

4.5.2 Electrical Circuit

The circuit, shown in Fig. 65 consists of a 1 MQ resistor
to limit the current flow to a few microamps when the film is
short circuited by asperities and a variable resistor to adjust
the applied voltage to the film. The resistance of the
chromium layer was about 8 KQ. An oscilloscope was connected
across the terminals on the rig, to give a visual indication
of the amount of asperity contact, and a D.C. millivoltmeter
was also connected to give a time average of the voltage across
the film.

4.5.3 Measurement Procedure

The roller was first loaded statically against the plate
with switch S open, and the voltage Vopen was noted. Switch S
was closed, and the voltage dropped to some other value
Vclosed. The potentiometer was adjusted until

6V (= Vopen - Vclosed) was 20 mV. The rig was started up, and

the trace on the oscilloscope showed that the voltage was
hopping between two limits (V pen and V ̂ se ), each excursion
signifying an asperity contac . The trac~ was photographed by
triggering a single sweep from the camera. The voltage was
read from the DC millivoltmeter, and the film thickness was
determined optically.

4.5.4 Discussion of Results

At low speeds, the trace was mainly at the lower voltage
level, with frequent excursions to the upper level. This
represented a high degree of asperity contact with only short
periods of time where no bridging took place. As the speed was
increased, the trace showed less and less contact, until
finally the voltage was almost permanently at its higher level
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with an occasional excursion downwards. This represented
conditions where hardly any asperities were contacting. Fig. 66
shows photographs of the traces obtained over the whole range
from almost permanent contact to almost zero contact, together
with the time average voltages associated with them.

Fig. 67 shows a graph of the time average voltage versus
the non-dimensional optical film thickness. Results were taken
for fluid b and at the three loads indicated. The voltage
approached the open circuit value asymptotically as film thickness
was increased, and the applied load seemed to have no effect on
the voltage whatsoever. This non-dependence on load is a little
surprising, as one would expect the amount of asperity contact
to increase with the Hertzian half width b.

One can divide the curve in Fig. 67 visually into two
portions by means of the dashed line

ho/R z 1.5x10
-
5. (42)

0

This represents a film thickness of 60 nm (600 A or 2.4 V in)
and it is clear that this is approximately equal to the peak-to-valley
asperity height of the roller. Although the division is not
well defined, one can say generally that below the dashed line
the rate of asperity contact is significant and that it depends
on film thickness in a manner generally consistent with the
known Gaussian distribution of asperity heights. Above the
dashed line, the rate of asperity contact is low; and most low
resistance paths are probably caused by debris in the oil and
local dielectric breakdown.

The non-dependence on load no doubt indicates that
flattening of asperities takes place in the Hertzian region,
so that one is actually observing asperity contact just outside
the Hertzian region. This is further substantiated by the fact
that good optical pictures can be obtained even when the film
thickness is less than the typical asperity height.

4.6 EFFECT OF ROLLER END PROFILE ON FILM SHAPE

The roller used in section 4.3.2 to measure film shape
was not blended at its ends. This caused a stress concentration
at the ends which resulted in a broadening of the contact region.
A blended roller, with an end profile shown in Fig. 68 was
used to see what effect the blending had on the end closure.
Fig. 69 is a photograph of the end of the roller running under
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(a) V = 1 mV (b) V - 3 mV
(a) V =l1mV (b) V = 3mV

(c) V = 6 mV (d) V = 9 mV
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(e) V = 12.5 mV (f) V = 18.25 mV

(g) V = 19.7 mV)

Figure 66. Oscilloscope traces showing frequency of contact
and contact resistance
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P™oV " 5.13 x 10
8 Nm"2 (74,400 lbf-in~2) 

Figure 69. Roller with end blend. h0 £ 325 nm. 
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a load corresponding tot

Pmax = 5.13 x 108N m
-

2 (74,400 lbf in- 2 ).

If this is compared with the photographs in Fig. 42
it is immediately seen that the end closure contours have taken
on a different characteristic shape. The Hertzian region is no
longer broadened at the end, and the end closure seems less
severe. The contours were measured from the photograph and
plotted, in Fig. 70. On comparing this shape with Fig. 44 it is
seen that the closure is broader and the reduction in film thick-
ness is not so drastic. The position of the minimum film thickness
is now about 3.4 x 10- 5m from the end of the roller compared with
a value of about 1.2 x 10-5 m for the non-blended roller.
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5. REFRACTIVE INDEX IN POINT CONTACTS

5.1 DEVELOPMENT OF METHOD

The purpose of this project was to develop an optical
method for measuring the refractive index of a fluid in an
EHL contact. Although a completely satisfactory method was
finally developed, the initial attempt was unsuccessful. A
brief description of the steps by which the final method was
evolved will be given because it is felt to be useful to the
understanding of the measurement of film thickness by optical
interferometry.

Film thickness is measured by viewing the interference
fringes at normal incidence and then using the standard
equation (see Fig. 71)

n3 t cosq = mX, (.43)

where m = order of the interference,

X = wavelength of the light,

n
3
= refractive index of the fluid

t = fluid film thickness, and

= 90° for normal incidence

If m is known, t can be calculated, provided n3 is also
known. However, until now, only estimates of n3 have been
available since it is a function of pressure. With an accurate
means of measuring n3 , the distortion can be found absolutely.
The pressure distribution then can be obtained by applying
standard elasticity theory to the (absolute) measured distortion.

After consultation with Dr. Welford of Applied Optics
section of the Physics Department in Imperial College it was
thought feasible that the refractive index could be measured in
the following manner.

If an interferometric fringe pattern is measured at two
different values of 0 and 4 (see Fig. 71 and the fringe orders)
are measured at a given position in the contact region then

mlX = n3 t cos 41, (44)

m 2 X = n 3 t cos 42, and (45)
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sin 1 1(
= ~~~~~~~~~~(46)

sin 01 n 3

(Snell's law)
sin 2 1 ()

1 ?s~~~n .0 - - ~~~~~(47)sin ~1 n

if n1 Z1.

Note that this applies even if there is some local change in n 2
provided that the change is stratified. From Eqs. 44 and 45,

m1 cos ~ml cos ; (48)
m2 COS $2

and, if we use Eqs. 46 and 47 to eliminate cos $1 and cos $2'

2 = m2 sin2 02- m2 sin2 0(n3 1 2 2 1. ~~~~~~~(49)
m2 - m2
1 2

To test out this theory to see if there were any practical
difficulties the apparatus shown in Fig. 72 was constructed.

The glass plate had a semi-reflecting layer of chrome deposited
to match the high reflectance of the steel ball. The spectrometer
table could be rotated to vary 0, and the fringes were viewed
through a microscope which was attached to one of the arms of the
spectrometer. Originally the fringes were measured with a filar
eyepiece, but later on it was found more convenient and accurate
to photograph them. The light source used was a helium laser
(X= 632.8nm) giving a powerful beam of coherent light.

The ball was pressed against the glass plate and the micro-
scope was rotated until the fringes produced by the interference
of the laser beam reflected from the ball and from the glass plate,
were in the field of view. A photograph of the fringe pattern
was taken. The spectrometer table was then rotated to obtain a
different value of 0, and the process repeated. The angle O was
found by measuring the angle the spectrometer table had to be
rotated through so that the image of the laser beam was reflected
normally by the glass plate.
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From the photographs the fractional fringe orders at given
radii from the center were measured by drawing a graph of fringe
order against the radius, and interpolating between the points.
The values were then substituted in Eq. 49 to find the refractive
index.

The oil was at atmospheric pressure, and so the results
obtained experimentally could be compared with those measured
with an Abbe refractometer. There appeared to be little
correlation, for an oil of refractive index of 1.4, results
between 1.3 and 2.5 were obtained. The cause of this unsatis-
factory situation was as follows.

When the fringes were viewed at different angles the focus
of the microscope had to be adjusted to allow for the variation of
optical path length due to the light having to travel obliquely
through the glass plate, It is impossible to see, just by looking
at the fringes, whether or not they are in focus. This is be-
cause fringes produced with a laser light source are almost
completely non-localized. In other words, they appear wherever
in space the beams from the two surfaces cross - one of the
effects caused by the extremely long coherence length of the
laser light. The fringes being viewed were formed by an expand-
ing spherical wave from the ball and plane wave from the glass
plate. As the spherical wave expands the apparent size of the
fringes increase; see Fig. 73. To measure the true image size
the microscope must be focused at the interface between the two
surfaces. (The separation of the surfaces being negligibly small).

When this fact was realized, a vertical line was deposited
on the glass to focus the microscope on. This helped but the
results were still not accurate. It was then realized that
working through a glass plate at an angle introduces astigmatism.
This means that the focal position is different in the horizontal
and vertical planes. The microscope was being focused on a
vertical line, but the fringes measured were in a horizontal
plane. This error was cured by depositing a scale with horizontal
lines.

The other source of error was the phase change of the light
reflected from the ball. For normal incidence this is known and
is unaffected by the polarization of the light. When the light is
reflected obliquely the phase change becomes an unknown function of
both angle and polarization. It would have been possible to
calibrate the apparatus for phase change by substituting the known
value for the refractive index in the equation

mX = n 3 t cos c + 62 (50)

where 6 is the phase change.
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As the purpose of the experiment was to check the accuracy
of the method this was not considered a very satisfactory way of
overcoming the problem. It was solved by using a glass ball for
which the phase change is 180° and is not a function of 0 or the
polarization. The ball was made of the same glass as the front
plate and both surfaces were left without any optical coating.
This meant that the reflectivity from each surface was exactly
equal. Provided that the refractive index of the oil was differ-
ent from that of the glass, good quality fringes could be observed.
The reason for not having a coating was in case the coating
itself introduced a phase change which may have changed with
incident angle. The reduction in the intensity of the light
due to the lower reflectivity of the surfaces was not important
as the laser provided enough illumination.

When the experiments were repeated with these modifications
the results were much better. The experimental accuracy was now
limited by the accuracy with which the fringes could be
measured, for a given pair of angles.

The accuracy could be improved by increasing the difference
between the fringe orders ml and m 2. This can be done by
increasing the separation between $1 and $2. However if $2 is
increased too much, the spacing between each fringe becomes
excessive. The optimum angles for P1 and $2 proved to be P1 = 0
and $ 2 z 45° . Using a flat plate this angle for 42 was impossible
to reach as it made 02 imaginary, viz.: by Snell's law,

n 3 = sin 0 / sin q ; and, if $ = 45° and n3 = 1.5, sin O = 1.06

However if a hemispherical piece of glass was substituted for the
front plate an angle of 45° for 02 could easily be achieved.

The smallest angle for 01, that could be reached, without
going to a complicated optical system with semi-reflecting mirrors,
was8°. However, as can be seen from,

mlX = n3 t cos $1, (44)

this only changes m1 by a factor of Cos 8° = 1.01 which makes a
negligible effect on the difference Be8 ween m1 and m 2.

The hemisphere slightly changes the formula for calculating
the refractive index. The pertinent equations are now

mlA = n 3t cos $1 , (44)

m2 X = n3 t cos 42 , (45)

sin 01 =-n
sin 1 n2 , and (51)

sin l= n(sin 0)2 -(52)

sin $2 n 2 '
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The meaning of the symbols is as before; see Fig. 74.

Substituting for cos ~l and cos 42 and re-arranging gives

mlsin202-m2sin201
n2 = n2( 2 i (53)

3 2 2-M2m1 m2

so, provided n2, the refractive index of the glass, is known, the
index of the film can again be found by measuring 01, 02, ml,
and m2 .

Figure 75 shows the results from a typical test run. The
refractive index of the oil, as measured by an Abb6 refracto-
meter was 1.501. The average value from Fig. 75 gives a value
of 1.5002. This gives an accuracy of better than 0.1%, which
is quite sufficient to measure the absolute distortion with
a high degree of accuracy.

5.2 TWO BEAM APPARATUS

5.2.1 Point Contact Entrapments

It was decided to study refractive index in point contact
entrapments. A great deal of information about the properties
of a fluid can be gained from the study of entrapments, and also
they are much more convenient to measure with the technique
developed, so the work was concentrated solely on them. They are
little pockets of fluid trapped inside the contact area when
a ball is brought down against a flat surface in the presence of
the fluid (Fig. 76). These entrapments have been predicted
theoretically by Christensen2 6 and have been observed by Dowson
and Jones3 5 , by Foord,Hammann,and Cameron6, and by Westlake and
Cameron2 7 . Christensen predicted that the pressures inside the
contact would be considerably higher than the Hertz maximum.

The oil leaks away from the entrapment until eventually
the usual Hertzian shape is reached. The depth of the
entrapment depends on many factors, such as load, approach
velocity and the pressure viscosity characteristics of the oil.
A typical depth for a viscous oil with a high pressure viscosity
coefficient and a load of 2 kg would be about 3 x 10- 6m with a
diameter of about 3 x 10-4m. As the fluid flows out, both the
pressure distribution and the distortion change and so to
measure the refractive index and distortion, the fringes must
be measured simultaneously at O1 and 02 . A modification was made
to the optical system to do this, and an apparatus designed to
study oil entrapments.
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-Entrapment

Figure 76. Diagram of entrapment
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5.2.2 Apparatus

A diagram of the apparatus is shown in Fig. 77. The
velocity of the ball was measured by means of the magnetic bar,
which as the ball dropped, produced an E.M.F. in the coil. This
E.M.F. was proportional to the velocity of the ball, and was
recorded on a U.V. recorder. The ball was released by pin A
being withdrawn when the magnetic coil was switched on. The
load on the ball could be varied by changing the weights at B.
The dashpots were added to slow down the ball, because it was
found that reasonable loads of about 2 kg tended to damage the
surface of the hemisphere if the ball was allowed to fall
freely.

The ball and hemisphere were both made of extra dense flint
glass,refractive index 1.74116, according to the manufacturer.
The surfaces were optically smooth. The manufacturer also gave
Young's modulus = 5.45 x 101°N/m2 (7.9 x 106psi) and Poisson's
ratio = 0.2 for the glass. The hemisphere had two photographically
deposited scales lines 6.9 x 10- 4 cm apart, symmetrically about
the center of the flat surface. The outer surface was coated
with an antireflection layer.

The ball was fixed in an aluminium cylinder mounted sym-
metrically above the hemisphere, which was cemented onto a
fixing plate. Both ball and the hemisphere were readily removed
for ease of cleaning.

The optical system to obtain an image at two angles
simultaneously took a great deal of development work. The
final system adopted is shown in Fig.77. For some of the high
speed cine photography, a second laser was used instead of the
beam splitter, to increase the illumination.

The incident beam was divided by the beam splitter, and
about 90% of the beam was directed on to the entrapment at an
angle of about 8° and the rest was directed in at about 47 ° .
This difference being to correct for the greatly increased
reflectivity of glass at 47° compared to 8°. Originally 02
was made to be 45 ° , but it was found that the part of the beam
which went through, into the ball was reflected back on to
the entrapment and destroyed the interference fringes.

The emerging beams were focused by the means of two
identical 5 x objectives. The images were then reflected by the
optical system shown, so that the two images were side by side
on the viewing screen of the camera. The objectives could be
moved independently to focus the images and could be locked into
position to ensure that the images remained exactly in focus.
The path lengths of the two beams were kept equal, so that the
magnification would remain equal. To eliminate any possible
distortion by an eyepiece, the images were formed without using
one.
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Initially a motorized Nikon F was used, which took pictures
at the rate of 3 per second, but for some of the later work on
the formation of the entrapment, it became necessary to use a
camera with a faster framing speed. The ideal camera for this
was found to be a 16 mm Miliken. This had a framing speed of
up to 400 frames per second (fps). When focusing with the
Nikon F, the image on the ground glass screen was enlarged with
a low power microscope, to increase the accuracy of focusing.
The Miliken had a built-in optical system to magnify the image
size. The only disadvantage was that the image could not be
viewed after the film was loaded in the camera.

5.2.3 Experimental Procedure

The hemisphere and ball were thoroughly cleaned in an
ultrasonic cleaner and then were put back in position. A few
drops of the fluid to be tested were placed on the center of
the hemisphere. Measurements could be made with much smaller
quantities of fluid if necessary. The ball was then allowed to
rest on the hemisphere, and weights were added to provide the
required load. (Usually between 1 and 2 kilograms).

The images of the scale were then very carefully focused on
the screen of the camera. This was extremely critical, as a
small error could lead to large errors in the results. When
the focusing was achieved the objectives were locked into
position. The ball was left resting on the surface, in case
any distortion caused by the loading, affected the focus.

The ball was then raised about 0.004m from the surface of
the hemisphere and locked into position by the locating pin.
If the approach velocity of the ball was to be measured, the
U.V. recorder was switched on. The camera was then started and
the pin removed to allow the ball to drop. For the Miliken, a
couple of seconds had to be allowed for the camera to build up
to its full framing rate.

The length of time the camera was left running depended
very much on the fluid under test. For some fluids all trace
of an entrapment had disappeared after less than 1 second. Where-
as for others they were still apparent after 5000 seconds.

The magnitudes of 01 and 02 were found by measuring the angle
that the upper half of the apparatus had to be rotated for the
beams to be reflected normally by a mirror, which was put in
place of the hemisphere.

All the development work was done with a cylinder stock
oil of viscosity 10.65 poises at 37.8°C. (100°F.) For the
rest of the report this oil will be designated as fluid z.
This gave much larger entrapments than any of the seventeen
NASA test fluids, which made the test runs easier to perform
initially. The seventeen NASA oils were run later.
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5.2.4 Analysis of the Photographs

A photograph of an entrapment is shown in Fig. 78, using
fluid z, after 3 sec. and with a 2 kilogram load. The left hand
side shows the fringes photographed at 8° and the right hand side
shows the same entrapment at 47° . The image along C 0 is
contracted due to the cosine term, introduced by the obliquity.
The diameters of the fringes along AB and EF were measured using
a traveling microscope on the prints enlarged from the 35 mm
negatives. When the Miliken was used the fringes were measured
directly from the negatives with an analyzer. The fringe diameters
were then plotted against fringe order, see Fig. 79.

From this graph the fractional fringe orders at 01 and 02
can be read off. Due to the symmetry of the entrapment this
gives the fringe order corresponding to the same position and
therefore film thickness, at both angles.

Equation 53 is

misin2 o - m2sin2 0
n2 = n2( 2 2 1) (53)

~3 2~m 2 _ m2

1 1

By substituting for the measured quantities, we can obtain
the refractive index inside the entrapment and hence the film
thickness from Eqs. 44 and 51, i.e.,

n3t cos = mlJ (44)

and

n3 sin 01
-=(51)

n2 sin %

yield
/1 sin

2
O1k2

t m 1X- - (54)
n2

3 2

Figures 80 and 81 show typical entrapments plotted. For clarity
only a sample of the photographs measured have been plotted.
This now gave an accurate plot of the distortion of an entrap-
ment, along with the refractive index of the fluid. The variation
with time of these quantities was also known.
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Figure 78. Entrapment with Fluid z (t = 3 sec)
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Figure 80. Graph of entrapment depth against
diameter; Fluid z at 23°C
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Figure 81. Graph of entrapment depth against diameter;
Fluid e at 26°C; load, 1.69 kg
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At this point it is convenient to split the research up
into six categories.

(a) The determination of the viscosity pressure
characteristics of fluids forming sufficiently
large entrapments.

(b) The measurement of the approach velocity of the
center of the ball (relative to the hemisphere)
during the formation of an entrapment. Comparison
of these results was then made with the theoretical
values predicted by Christensen.

(c) The variation of the refractive index of the fluid
with pressure, again for fluids which gave
sufficiently large entrapments.

(d) An investigation of the relation between the
velocity of approach of the ball and the entrapment
size.

(e) Entrapment formation for the NASA fluids.

(f) The variation of the density of the fluid with
pressure for fluids which gave large enough
entrapments.

These six categories will now be taken up, each in turn.

5.3 VISCOSITY DETERMINATION

To find the viscosity of the fluid, it is first necessary
to find the pressure distribution. This was done by a computer
program, originally written by D. Evans of the Computing Section,
Imperial College (not for this contract).

The program calculates the pressure field over an entrapment.
A pressure field is suggested and the resulting deformation is
calculated. This is compared with the experimental shape, and
the pressure is adjusted in proportion to the fit. This is then
used to calculate a new deformation, and this procedure is con-
tinued until the computed shape converges to the experimental.
A polar grid is used having 18 sectors and 51 rings, the pressure
being defined over the inner 21 rings, the first ring being the
center point. A normalized pressure field is used for the
deformation calculation and then a value for the maximum pressure is
obtained by constraining the computed deformation to give the
correct difference between the center and edge of the entrap-
ment.
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The input is the experimental values derived from the
photographs, together with the numerical value of Young's
modulus and Poisson's ratio for the ball and plane surface.
The deformation is calculated from the formula

1 a 2 ff
W = --- J P dr dO (55)

= A x Pmax ffp*dr dO,

where p* is the normalized pressure.

At each point of the grid, a minor grid, over which the
integration is approximated, is set up; this consists of lines
at angles of r/24. For each of these lines, the intersections
with the sectors and rings of the main grid are found, and the
values of pressure at each point are calculated by interpolating
for the values of pressure on the adjacent mesh points of the
main grid. The summation Elp dri is then made for each line,
and then the summation of these over 0, giving the approximation
ZE p dr de for the integral required.

The original shape of the ball is approximated locally
by a parabaloid. The value for A x Pma is calculated as themax.multiple of the deformation due to normalized pressure required
to give a final shape with zero on the 21st ring and the experimental
value for the central deformation on the 1st ring. A can be
calculated from the values of a and E fed in, to give a value
for Pmax

max

The shape computed is compared with the experimental shape
at each point and the pressure is then modified as previously
explained. Due to the constraintthat the center point, and
boundary of the experimental shape and computed shape are already
equal, the new pressure distribution is also normalized. A new
value for P is found with the new calculation of the deformation
due to thismastribution. After five iterations a close fit is
usually obtained.

From the pressure distribution the pressure gradient at any
given radius can be measured. The volume of fluid inside any
given radius can be found by integrating the entrapment shape
from the center to the given radius. By measuring the volume
for successive photographs and then measuring the rate of change
of volume, the rate of fluid flow out of that radius can be
deduced.
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Using the standard formula for viscosity,

n D (56P h 3 2)r
n= - `r 12 x Pr ' (56)

where r is the radius at which n is being calculated,

DP is the pressure gradient,
Dr

h is the film thickness at radius r, and

qr is the rate of flow from radius r,

the value for the viscosity can be found.

By varying the value of r, the viscosity can be measured at
varying pressures.

A computer program was written to calculate the viscosities.
This calculates the viscosity of the fluid at 19 different radii
and at each photograph. Only entrapments with a depth of more
than about 1.2 x 10-6m could be used, as the others could not
be measured to a sufficiently high accuracy. Unfortunately the
only NASA fluid which gave sufficiently large entrapments was
fluid e. So the results for the fluid z have been included also.
The rate of shear was also calculated by the program.

Figures 82 and 83 show typical pressure plots for fluid e
and z. Figures 84 and 85 give plots of log viscosity against
pressure. The scatter of the points is caused by (i) small
inaccuracies in the measurements of the entrapment which can
lead to both the wrong pressure distribution and an incorrect
volume flow and (ii) the pressure calculating program uses an
iterative method which does not always converge quite correctly.
This can produce slightly incorrect pressure values. Both
these factors lead to small errors in individual measurements.

From the graphs of log1 0 viscosity against pressure, the
pressure viscosity coefficient (a) was measured at different
pressures. The results are given in Table 11.

Comparing the results with the a value measured by R. Gentle
(section 3) it can be seen at what pressures his measurements
apply. For fluid z, Gentle obtains a=2.3x10-8m 2/N (1.6x10- 4 psi- 1)
with a Hertz max. of 4.1xlO8N/m2 (60x103 psi) at 23°C. From
Fig. 85 it can be seen that this is equivalent to the a value
at a pressure of 2.1xlO8N/m2 (30x103 psi). For fluid e, Gentle
obtains a=3o2x10-8 m 2 /N (2.2x10- 4 psi- 1 ) with a Hertz max. of
4.1xlO08N/m2 and at 26°C. Figure 84 indicates this is equivalent
to the a value at a pressure of 1.2xl08N/m2 (18x103 psi).

132



xapul eA^!P:eJ)Ja zW/N 'fJnfSsJd

xapul ̂ !lpeJlal G zw.N 'aSs8JdQpu I 8AI~~~~~~~~zu/ 'einsseJd

E I

'o X4 E

~~~~.o
WcxI

* 1 Cd

*H V-P0

(1 U) (Y'

4-) Cd 4->

0*d

> AcN
*H *rl

o 4-'Ct-I-
* ~C) W 

cSqN4 N

co

CD CH Q

E a)2 H
o ;:s

x 4-A U)H4

0)

cl Q,-

.r'CD D

f~

-H

>E

4*H C. 4)C) bOw

>T ~c\
*H VH

4-D 04.

4- 0)a) uzi t.

·.1 .)

C) FT 

oE

dz t

0a

a~ a~

o E C WrH S 0 4- ~ 

o d Qo Q) Cd

oo

bfg

o 3

+
1I.

1 r *..

I I I I I

w



Zo

bD

Ct-4-N

o H

O)r-I

ZW/SN '^!s0sIA
)
015012

'0" >

E

C U )

a 

CD ~ 5LWISN 'VI!SM2iA) 01601

.r-

4:~o

*H \.D
d CM
bO
1 4-DO

.H

.~ o - *,r

*X~~~ 0 0 a

. .U) =~~~~

,_ s0 *F - 0 _O
*CLs Cso s A

1*~~~~~~~~~~~o

co

I , I I ~ ~~~I I I I ~

WU/SN '(1!US!A) 01501 'H

134

I



Table 11

PRESSURE-VISCOSITY COEFFICIENT a AT VARIOUS PRESSURES

Fluid e at 260 C

Pressure

0

0.69 x 108 N/m2 (10 x

1.03 x 108 N/m2 (15 x

1.38 x 108 N/m2 (20 x

2.07 x 108N/m2 (30 x

6.21 x 108N/m2 (90 x

10 3 psi)

10 3 psi)

10 3 psi)

10 3 psi)

103 psi)

a (from Fig. 84)

4.6 x 10-8m 2/N (3.2 x 10- 4 psi- 1
)

4.1 x 10-8m 2 /N (2.8 x 10- 4 psi- 1)

3.6 x 10-8 m 2/N (2.5 x 10 - 4 psi- 1
)

2.9 x 10-8 m 2/N (2.0 x 10 - 4 psi- 1
)

2.6 x 10-8m 2/N (1.82 x 10 - 4 psi- 1)

0.67 x 10-8m 2 /N (0.46 x 10 - 4 psi- 1 )

Fluid z at 23°C

Pressure

0

1.38 x 108N/m2 (20

2.07 x 108 N/m2 (30

6.21 x 108N/m2 (90

x 103 psi)

x 103 psi)

x 103 psi)

a (from Fig. 85)

3.9 x 10- 8m 2 /N (2.74 x 10- 4 psi- 1)

2.6 x 10- 8m 2 /N (1.8 x 10- 4 psi-')

2.3 x 10-8m 2/N (1.6 x 10- 4 psi-l)

1.36 x 10-8m 2/N (0.94 x 10- 4 psi
-

1)
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The rate of shear varied from 10-1 to 10+4s- 1, it being
higher for the larger pressures. This range of shear stress
compliments the rolling contact technique, which can measure
apparent a values from a rate of shear of 10 4 s-1 upwards.

Note also that this method allows n to be determined,
sinceqr (h3/12n) (ap/ar), while rolling does not because
qr - uh/2 - (h3 /12n) (ap/ar), and the uh/2 term is dominant.

The technique described opens up a whole new range of
viscosity measurements. For suitable fluids it now is possible
to obtain measurement at viscosities several orders of magnitude
higher than by any previous methods. By using harder materials
(e.g. sapphire) and a ball with a larger radius of curvature, the
technique should be capable of extension to cover a wider range
of fluids and to reach much higher pressures.

The results also show a correlation with the result
obtained by Gentle (section 3). It is interesting that here a
pressure 1.2 to 2.1 x 108 N/m2 has to be taken as the effective
pressure at which the a values in the rolling contact test device
are determined. In earlier work Westlake and Cameron2 7 found
that the effective "viscosity" pressure was 7 x 107 N/m2 (l04 psi).

5.4 APPROACH VELOCITY AND CHRISTENSEN'S SOLUTION

According to Christensen's theoretical work, the following
equation should govern the approach of surfaces at the center
of the contact.

V = Sh, (57)

where V is the approach velocity of the surfaces,

h is the film thickness at the center, and

6 n 0 a (rEa)2 (TraE)2

S= ° x x 5.1,
16 32R

where no is the viscosity of the fluid at atmopsheric pressure,

a is the pressure viscosity coefficient of the fluid,

(assumed constant),

E* is the reduced Young's modulus for the two surfaces, and

R is the radius of the ball.

The above equation holds for central pressures greater than
5 x 107 N/m2 .
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The approach velocity of the center of the contact was
measured by finding the slope of the plot of maximum film thickness
against time.

The approach velocity used here must be kept distinct from
the velocity measured on the recorder which was the maximum
velocity of the ball.

Unfortunately until the ball slowed to a velocity of less
than about 5 x 10-6m/s, the fringes were moving too fast for
even a shutter speed of 1/2500 s, which was the fastest speed
available. For all of the NASA fluids except fluid e, the film
thickness was by this time too small to be measured accurately.
Hence it was only for fluid e that results could be obtained.

Graphs of the approach velocity against film thickness for
fluid e and fluid z are shown in Figs. 86 and 87.

It can be seen that the theoretical relationship predicted
by Christensen certainly does not hold. However both graphs appear
to consist of at least two straight lines with a sudden change in
slope at a velocity of about 1 x 10-6m/s. The slopes of these
lines were measured to see what the apparent a value of the fluid
would be given by Christensen's theory. For fluid e, Fig. 86,
slope C = 2.8 x 104m-½s-½ and slope D = 5.73 x 10 2 m-½s-½ are
substituted into Eq. 57 to yield a = 3.3 x 10-8m 2/N (2.3 x 10 - 4 psi- 1)
and a = 1.6 x 10 8 m2 /N (1.1 x 10- 4 psi-l), respectively. For fluid
z, Fig. 87, slope A = 1.2 x 104m-½s-½ and slope B = 3.37 x 102m½s-½
yield (Via Eq. 57) a = 2.3 x 10-8 m 2/N (1.6 x 10- 4 psi- 1) and a =
0.6 x 10-8 m2/N (0.4 x 10- 4 psi-l), respectively.

If the a values found from slopes at A and C for fluids
z and e are compared with the values found at 2.1 and 1.2 x 108N/m2
respectively, in the previous section, it can be seen that there
is quite a close agreement.

For fluid z the straight line appeared to cross the axis
at 1 x 10- 7m which is the value to which the minimum film
thickness tended (see Fig. 80). For fluid e the velocity
suddenly increased at a film thickness of 13 x 10-7 m and then
became constant at a value of 2.5 x 10-7m/s. This would imply
by Christensen's theory that a had fallen to zero.

The theory does not appear to work very well experimentally.
This is almost certainly due to the assumption that the pressure
viscosity coefficient is constant. Perhaps a closer study of
the discrepancies would prove valuable for determining properties
of the fluid. From the results it would seem that the fluids
behave as though their a value at about 2 x 108 N/m2 was the right
value for Christensen's theory, until the velocity drops below
about 1 x 10-6m/s. Then the a value decreases dramatically.
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5.5 REFRACTIVE INDEX AND PRESSURE

The refractive index inside the entrapment was measured
in the manner described previously. A graph of refractive index
against diameter was then drawn. The refractive index at
diameters at which the pressure had been calculated were then
read off. See Figs. 82 and 83.

The results for fluids e and z are shown in Figs. 88 and 89.
For fluid e the refractive index varies almost linearly with
pressure up to about 2 x 108N/m2. The rate of change of the
index with pressure then drops. For fluid z the refractive index
increased almost linearly with pressure up to about 7 x 108 N/m2.
The results above this pressure are not very accurate, due to the
fact that very small errors in the maximum deformation could
effect the maximum pressure calculated by the computer program.
This is a consequence of the fact that large changes of this
central maximum pressure do not alter the shape very much, as the
area it acts over is small.

The technique provides a novel way of measuring the change
of refractive index with pressure for suitable fluids. For the
first time it has actually been possible to measure the change
of refractive index in an E.H.L. contact.

5.6 APPROACH VELOCITY AND ENTRAPMENT SIZE

The approach velocity was measured on the U.V. recorder
as previously described. The approach velocity was plotted
against the maximum entrapment depth. This was done with fluid
z using loads of 2 kilograms and relatively high velocities.

There was found to be no correlation between the entrap-
ment size and the initial velocity of the ball. This was a
most suprising result and further measurement of the approach
velocity were therefore not carried out. It was not until the
Miliken camera was used that the explanation of this anomaly became
apparent. At some critical value of the approach velocity the
ball bounces after the initial entrapment is formed. An
example of this is shown in photographs, Fig. 97, which is
described in the next section. The ball comes down again within
one frame which is 1/400 sec., but the resulting entrapment is
much smaller in size, and does not appear to have any direct
correlation with the entrapment before the bounce.
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For the measurement to have much validity the conditions
would have to be altered to prevent the ball bouncing. Until
these conditions are known the above method does not appear
to have very much use.

5.7 ENTRAPMENT FORMATION

All the NASA test fluids (except fluids d, j, and n, which
were too thin) were tested using the high speed Miliken camera
at 400 fps. Enlargements were then made of the first few frames
and compared with the ones from other fluids. Comparatively low
loads, of about 1 kg, were used for most of the fluids.

Fluid b

This is shown in Fig. 90. The first photograph shows the
ball approaching the hemisphere with an entrapment approximately
4 x 10- m deep, and the second that it has bounced away from the
surfaces. Cavitation is clearly seen around the edges of the
contact, which is still partly visible in picture 4. Notice that
the size of the entrapment has greatly decreased. Pictures
5 and 6 show air bubbles released by the cavitation which remain
for a comparatively long time.

Fluid 1

This is shown in Fig. 91. It is very similar to fluid b
except that the entrapment in Picture 1 is smaller, about
2 x 10-7m; in picture 3 it is shallower than the first order
fringe. Cavitation and air bubbles are again apparent.

Fluid f

The results are given in Figs. 92 and 93. This fluid formed
a larger entrapment than any of the other test fluids, except
e. Picture 2 again provides evidence of cavitation, although not
quite so pronounced as either of the two previous fluids, b and 1.
After 0.1 s, there is still a fringe visible in the center
(Picture 6). Notice also the air bubbles. These tend to float
out from the contact, dissolving slowly. This can be seen
very clearly by comparing Picture 5 and 6.

Fluid q

This fluid (Figs. 94 and 95) formed a small entrapment,
which disappeared after 0.015 s. Some cavitation can be seen
in Picture 5 as the ball bounces off from the flat surface.
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Figure 90. Entrapment with Fluid b as a function of time; 
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Figure 91. Entrapment with Fluid 1 as a function of time; 
temperature, 23.2°C; load, 1.03 kg 
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Figure 93• Entrapment with Fluid f as a function of time; 
temperature, 24.6°C; load, 1.039 kg 
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Figure 95. Entrapments with fluids z and q as a function of ti me 
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Fluid z

This is included here (Fig. 95) because it was the only
fluid that did not bounce when the high speed pictures were
taken. Notice there is no sign of cavitation.

In section 5.6 a higher approach velocity was used than in
this part of the work, and there clear evidence was found of
bouncing.

Fluid a and c

Profiles of the ball after 1 s are plotted in Fig. 96.
Only on the initial frame did these fluids form entrapments
deeper than the first order fringe.

Fluids g, h, i, m, p, and k

These fluids were all similar in that again no significant
entrapment was observed.

Fluid o

This produced an entrapment of one fringe, corresponding
to a depth of about 5 x 10- m. More than 0.02 s elapsed before
this fringe disappeared. The only fluids to form longer lasting
entrapments were fluid e and f.

Fluid e

Several runs were done with this fluid at varying loads
and temperatures.

The following observations were made from the pictures from
Figs. 97 through 100.

i) The maximum cavitation occurred at a load of 2.16 kg and
a temperature of 21.8°C. This can be seen in Picture 2, Fig. 97

ii) The maximum entrapment depth before the ball bounced also
happened at a temperature of 21,8°C and a load of 2.16 kg.

iii) The minimum entrapment size after the ball bounced occurred
again at a temperature of 21.8°C and a load of 2.16 kg.

iv) From Figs. 99 and 100 it can be seen that the entrapment
is much deeper before bouncing and shallower afterwards for a
load of 2.16 kg than for a load of 1.69 kg, at the same
temperature of 26°Co
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Figure 96. Graph of entrapment depth against diameter; Fluids
a and c at 26°C; load, 1.03 kg; t = 1.0 sec
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Figure 97- Entrapment with Fluid e as a function of time; 
temperature, 21.8°C; load 2.16 kg 
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Figure 98. Entrapment with Fluid e as a function of time; 
temperature, 23.5°C; load, 1.03 kg 
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Figure 99. Entrapment with Fluid e as a function of f 
temperature, 26°C; load, 2.16 kg ; 
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Figure 100. Entrapment with Fluid e as a function of time 
temperature, 26°C; load, 1.69 kg 
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From these observations the following was deduced:
Before the ball bounces the maximum depth of the entrapment is
formed by the largest load and lowest temperature. These
conditions also produce the largest amount of cavitation. After
the ball has bounced there is a critical load which produces the
maximum depth of entrapment. A higher load produces more
cavitation and allows more fluid to escape. A lower load produces
hardly any cavitation, (see picture 2, Fig. 98), and so very
little fluid loss. However the entrapment is smaller as the
original entrapment, before the bouncing effect, is very much
smaller. The critical load for maximum entrapment size is
around 1.6 kg.

Some interesting examples of cavitation can be seen in
the results. With further development this technique may well
provide very useful information into the rheological properties
of fluids.

The results for fluid e show quite clearly that before the
ball bounces the entrapment size can be increased by increasing
the load or by decreasing the temperature, (which obviously is
equivalent to increasing the fluid viscosity). After the ball
bounces, however, there is a maximum entrapment depth which occurs
at some critical load and temperature. Below this load the
entrapment before the bounce is very small and above it, too
much fluid escapes when the ball bounces.

5.8 DENSITY MEASUREMENT IN ENTRAPMENT

In section 5.5 the variation of the refractive index with
pressure was found. From the Lorenz - Lorentz relationship we
have

1 n
2
- = constant, (58)

thus

P/Pn°- n~ , (59)
P/Po = no2-- n 2+2

where n is the refractive index at pressure P and density p, and
n o is the refractive index at atmospheric pressure and density
P 
O'
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By substituting the measured values of the refractive index
into Eq. 59, we find the change in density. These are shown
in Fig. 101 for fluids e and z. It is interesting to note that
the rate of change of density of fluid e drops considerably at
about 4 x 108N/m2 (60,000 psi). The bulk modulus at atmospheric
pressure for fluid e was given in section 2.3 to be
1.86 x 109 N/m2 (270,000 psi). If the slope of the curve through
the intercept is measured, it gives a bulk modulus of
1.83 x 109 N/m2 (265,000 psi). This falls well within the limits
of experimental error.

This method provides a convenient way of measuring the
fluid density and is the first time this has actually been done
in an EHL contact.
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6. SOFT FILM STUDIES

6.1 FLUIDS TESTED

Of the seventeen test fluids listed in Table 1 fourteen
were tested in this part of the project. The three omitted were
fluids d, g, and p: octacosane, dihydrocedrene, and dimethyl-
silicone (100 cs), respectively. Fluid d is a solid at the
temperature of measurement and unsuitable without dilution; it
and fluid g are both expected to behave similarly to the other
hydrocarbons studies. It is expected that fluid p would behave
similarly to fluid q, the other silicone. The fluids omitted
were substituted by four other fluids; stearic acid in hexa-
decane (cetane) solutions, with weight/weight concentrations of
0.4%, 0.1%, and 0.05%, and Hercolube, an ester fluid. These
four new fluids were found more suitable for the study of soft
films. Several of the fluids were diluted with cetane to lower
their viscosities to a convenient range; this was not expected
to alter their soft-film-forming properties excessively.

6.2 APPARATUS

6.2.1 Introduction to Apparatus

The apparatus was devised to overcome the biggest drawback
in all squeeze film experiments, i. e. the possibility that
unwanted dirt particles are seriously affecting or causing the
"thick film" results. This problem and that of surface asper-
ities are overcome by using mercury to displace the fluids being
tested. The mercury will flow round any such protuberances
and only be separated from the solid face by any fluid film
remaining.

The test fluid film thickness is calculated from the
capacitance measured between a known area of metal on the solid
surface and the mercury with the lubricant as the dielectric.
The variation of this film thickness with time is noted both for
thinning of the fluid under the hydrostatic pressure of the
mercury and for the thinning of the fluid as shear is applied
by moving the mercury past the film.

Two types of apparatus are used. The cell apparatus in
which the shear is applied to the mercury and the ball appara-
tus, which is used to test the fluids for any "thick film"
formation, because it is simpler and quicker to use than the
cell apparatus.
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6.2.2 The Cell Apparatus

The cell apparatus has been improved over a lengthy period
of time to its present form, which is reliable, easy to clean
and comparatively versatile, though not too durable.

The form of these cells can be seen from Fig. 102. Each
cell contains three capacitor plates, usually of chrome, although
one cell with iron capacitors has been used. These capacitor
plates are deposited on a microscope slide using a vacuum
deposition apparatus. The shape of each plate, which is 1 cm2
(10-4m 2) in area plus a short thin connection strip, is pro-
duced with the aid of a mica mask, cut to the relevant dimensions,
placed between the heated source of the metal and the slide in
the vacuum apparatus. Lengths of wire are stuck to the connec-
tion strip using a conducting epoxy resin.

The completed slide is attached to a Teflon block. This
block is shaped to reduce the effective cross section of the
cell to whatever value is required for each cell. The top of
the block has an indentation slightly wider than 1 cm (10-2m)
cut into it. The floor of this indentation is polished and
either end is rounded off to reduce turbulence. The capacitor
plates face onto this indentation, and the slide is adhered to
the ridges on each side with an epoxy resin.

This completed section is placed in the glass cell casing
under the window through which the connecting wires are drawn.
It is secured and made flush with the casing using more epoxy
resin which also serves to insulate the connecting wires and
the conducting epoxy resin.

The cell casing is made of glass. So that reproducible
sized casings could be obtained a carbon mold of the necessary
shape and dimensions was built. The window in this casing is
necessary for the cell's construction and to allow for the
connection wires. It was initially included so that the films
could be observed through a microscope by interferometry. Of
the three vertical glass tubes, one in the cell and two in the
fitting cone, two are used as manometers, for the calculation
of the shear, and one for the introduction of the test fluids.
One of the manometer tubes is also used as an electrode inlet
for the wire connecting the mercury forming the other capacitor
plate, to the bridge.

Glass is used for the cells for several reasons. It adsorbs
very little and is easily cleaned. During an experiment the
mercury and fluid are observable everywhere, not Just at the
capacitor plates, so if anything is amiss it can be seen. The
thick films are of chemical origin and glass will contaminate
neither the mercury nor the test fluid.
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The Teflon was chosen as it is easy to work, easy to clean
and adsorbs little.

To check that the epoxy resin in no way contaminates the
test fluid, pure hexadecane was left in the cell for several
hours and then thinned by the mercury. There proved to be no
anomalous variations in the thinning of the hexadecane with
time. In fact, the way the cell is constructed very little, if
any, of the test fluid comes into contact with the epoxy resin.

The disadvantages of these cells are as follows:

(a) They are not very durable. If there is an electrical
fault it usually proves irreparable.

(b) Due to the construction method, a new cell takes
at least 14 days to complete and test.

(c) These cells cannot be used for tests at high or low
temperatures, as only moderate variations from transient temp-
eratures cause the glass to crack and the epoxy resins to de-
teroriate, especially at the wire-capacitor plate electrical
connection.

6.2.3 The Apparatus for Moving the Mercury

As can be seen in Fig. 103 the set up is in five basic
parts of which the cell section has already been described.

The peristaltic pump was chosen to force the mercury through
the circuit because nowhere does the mercury leave the silicon
rubber tubing and risk the contamination that might occur in
other types of pump. The pump motor speed is altered by means
of a variable transformer so that the mercury flow can be varied
i. e. the constant head sustained. A suppressor was fitted
across the brushes of the pump motor to reduce the sparking and
therefore the interference produced on the autobalance bridge
readings. From this pump the mercury is forced into the constant
head device. This cuts out the throb in the mercury flow caused
by the pump and is also used to regulate the flow of mercury
through the cell and hence the shear on the "thick film". After
flowing through the cell the mercury falls into a spherical
container with an outlet stem at the bottom which is graduated
in cubic centimeters (10-6m 3). By stopping the flow below this
stem and timing the rise of the mercury level over these grad-
uations the flow of the mercury can be measured exactly, from
which the shear applied to the "thick film" can be calculated.
The mercury then flows into the reservoir, which also takes the
overflow from the constant head device. The mercury is sucked
from the very bottom of this reservoir into the pump, so that,
as the mercury is very much heavier than the test oils, any
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substantial amounts of oil that are carried this far in the
circuit are trapped there. In fact the spherical container and
constant head device act as traps in a similar way, so the pos-
sibility of oil being carried around the circuit is negligible.

These sections are all of glass for the same reasons men-
tioned for the cell in 6.2.2 above, and each section can be
broken down into smaller parts for the sake of easy cleansing
and replacement when necessary.

The flow circuit is completed by the same silicon rubber
tubing used in the pump. This simplifies the movement of the
constant head device for variation of the shear and enables,
with the use of clips, the flow to be varied or stopped wherever
necessary. This tubing is semi-transparent and easy to clean.
It was tested for contamination in the same way as the epoxy
resin in 6.2.2 with similar negative results.

6.2.4 The Calculation of the Shear

As already mentioned, the shear applied to the oil film
can be calculated both from the measurement of the flow rate
through the cell, and by the measurement of the pressure drop
across it. The expressions for the shear T are

T = 6 nq/h c2, and (60)

T = ½hcdp/dx, (61)
where

q = rate of flow,
n= viscosity of the mercury,
hc= depth of the cell cross-section,
dp= pressure difference, and
dx= length of restricted cross-section.

For low shear rates, i.e. low values of flow, these for-
mulas gave matching results for the shear, but as the shear
applied has been increased by decreasing hcthe results have
diverged. This is due to the inevitable shock wave at the
entrance to the restricted cross-section. It is felt, however,
that these formulae will hold for the last capacitor along the
cell, where the flow distribution will have had time to become
parabolic. The results quoted from shear experiments, therefore,
are taken from this capacitor.

6.2.5 The Electrical System

The electrical capacitance of the mercury-oil film-metal
surface systems in both the cell and ball apparatus is measured
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in order to calculate the thickness of the test fluid film which
acts as the dielectric of the capacitor. A modified Wayne-Kerr
Autobalance Universal Bridge, type B641, is used in making
these measurements. This bridge operates on the transformer
ratio arm principle2 8 , and unmodified, presents to the test cap-
acitor, over the capacitance range met in these experiments, a
peak voltage of 40 mV. This voltage,is sufficient to cause
dielectric breakdown of the oil film,.thus invalidating the
measurements. The voltage applied to the oil film is therefore
reduced by inserting an attenuator between the E terminals of
the bridge and the capacitor, and an amplifier between the
capacitor and the I terminals of the bridge. Fig. 104 shows
much simplified circuit diagrams of the unmodified and modified
bridge circuits respectively. The original bridge applied a
voltage Vx to the unknown admittance, through which current ix
is passed. Adjusting the standards Gs and Bs brings is into
balance with ix. By inserting the attenuator R and R2 the
voltage across Yx is reduced to Vx/A. The resulting current
ix/A is boosted by the amplifier to give the output current ixB/A.
By setting B equal to A, the bridge can be used in the same
way as before modification.

In practice A and B are each set at 1,000, thereby reducing
the peak voltage applied to the oil film to 40 pV. This
voltage is sufficiently small to avoid breakdown of oil films
down to 50 nm (500A) thick. During experimental work, so that
thinner films could be measured, an extra variable attenuator,
able to reduce the voltage by factors of 10, 100 or 1,000 was
built. This is inserted in the circuit in series with the
other attenuator. Its major use was to overcome saturation
effects which can cause incorrect readings. The complete
system, see Fig. 105, is calibrated to give capacitance measure-
ments of an accuracy of ±2%.

The greatest problems with this apparatus were the noise
amplification and interference with the amplifier by the other
circuitry, especially the peristaltic pump motor. The noise
problem was overcome in the design of the amplifier, the work
of Smith2 9. The interference was greatly reduced by shielding
the input transformer in the amplified circuit with mu-metal.
A further improvement was the replacement of the batteries with
a 15 volt power supply.

If necessary the capacitance readings are fed to a pen
recorder through a differential amplifier. This amplifier has
a gain of 0.1 and acts as a buffer, short period averager and
impedance matching device.

The thickness of the oil film is derived from the capaci-
tance measurements from in the equation

. Ac. :p. C62o'k = ,52 )
C
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where A is the surface area of the capacitor plate, or ball,
co is the rationalized permittivity of free space, C is the
capacitance registered on the bridge and sp is the relative
permittivity of the dielectric, i.e. the oil.

The possibility of variation of Sp, the relative permit-
tivity of the test fluid, from that of the bulk value is dis-
cusses fully by Smith2 9, who indicates that any change could
be no more than 20%. In fact, by considering the mechanisms of
the polarizability of the dielectric he shows that any such
change will be much less than the above 20%. The measurements
of film thickness made using white light interferometry, as
described later, give very close agreement with the values
calculated from the capacitance measurements, indicating that
the dielectric constants of the bulk fluids used for these
calculations can be relied upon.

6.2.6 The Ball Apparatus

This apparatus is easy to clean, handle and reproduce.
It greatly speeded up the process of testing the fluids for any
"thick film" properties and was also useful for comparison with
theoretical predictions.

Fig. 106 shows the apparatus. It consists, basically,
of a polished steel ball of 6.4 x 10- 3m (¼ in) diameter, with
an insulated copper wire attached, the insulation being of
Teflon. The same epoxy resins as used in the cell apparatus
are used here. This wire fits through a stopper whose cone
matches the socket of a test tube in which mercury and, later,
the test fluid are held. Also through this stopper passes
a coiled steel wire, the diameter of the coil being just less
than that of the test tube cross-section, i.e. 1.5 cm. This
coil acts to protect the ball and its adherent oil film from
coming into contact with the test tube walls, and is also the
electrical connection from the bridge to the mercury acting
this time as a spherical capacitor plate concentric with the
ball.

During an experiment the ball is moved up and down from
the test fluid into the mercury, and so that there is always
perfect electrical contact between the mercury and steel wire
coil this is made of sufficient length never to leave the mer-
cury once it is immersed, and therefore the end is never cover-
ed by a film of oil which would interfere with the capacitance
readings.

The film thickness on the ball is deduced from the capaci-
tance measured between the steel wire and ball using the same
formula as that for the flat capacitors in the cell apparatus.
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This expression is, in fact, deduced for the concentric sphere
case, whence a parallel plate capacitor is taken to be a section
of a concentric sphere capacitor of infinite radius.

6.2.7 Optical Arrangement

The apparatus used for optical measurements of the dis-
tribution and thickness of the oil films, see Fig. 107, con-
sists of the white light stereo microscope arrangement used by
Gentle in this report (Section 3). The cell apparatus is easily
adapted for optical use by using chrome capacitor plates of " 25%
semi-reflectivity.

The color fringes observed on the film are very useful.
They successfully check that the capacitance readings are
correct and that if electrical breakdown occurs, it is just
that and not physical breakdown.

6.2.8 Ionic Bombardment Cleansing Apparatus

Originally the cell apparatus was built to be able to
be linked to the vacuum pump and high voltage wiring of an
ionic bombardment cleaning apparatus. It was discovered, however,
that this cleaning process negated any possibility of the chemi-
sorbed "thick films" occurring for any fluid. As the purpose
of this cell apparatus is to measure the resistance to shear
of such films this cleansing process was discarded in favor of
a wet cleaning process, using an ultrasonic agitation bath and
various solvents. This omission simplified the design of the
cell and the flow circuit.

The relative qualities of the wet and the ionic bombard-
ment cleaning processes is discussed with the analysis of the
results.

6.3 EXPERIMENTAL METHOD

6.3.1 Cleaning Procedure and Fluid Preparation

In the flowing mercury apparatus all but the actual cell
and the silicon rubber tubing are of glass and therefore
cleaned by the action of chromic acid with the addition of
distilled water, which raises the acid temperature markedly.
These glass sections then are rinsed thoroughly, first in dis-
tilled water, secondly in acetone before being arranged and
used.
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The actual cell cannot be cleaned in this way due to the
action of the chromic acid and the great temperature variation.
Instead, a wet cleansing process is used, involving an ultra-
sonic agitating bath with various solvents. Firstly, the cell
undergoes ultrasonic agitation in an alkaline detergent solution
for ten minutes and is then rinsed thoroughly in tap water and
distilled water. The cell is then placed in an emulsifier
solution containing tetrachloro-tetrafluoro-ethane and
similarly agitated for another ten minutes, followed by the above
rinsing process. After a five minute period of agitation in
distilled water the cell is rinsed several times in acetone
and finally submitted to a further 10 minutes agitation, in
more acetone. The cell is dried immediately after this by
slight warming, quickly placed correctly in the flow circuit
and used.

The silicon rubber tubing is replaced after every experi-
ment as it is seen to be contaminated by the mercury over a
period of several days. The same cleansing process as that
used for the cell is employed for this tubing with the periods
of agitation reduced to 5 minutes for all the immersions, to
prevent the silicon rubber adsorbing substantially any of the
cleansing fluids. Once the tubing has been dried by warming it
is placed in the apparatus and used as soon as possible.

Both these cleaning processes can be relied on to enable
surfaces to be completely wetted by distilled water. The ionic
bombardment cleaning process, however, unfailingly yielded
surfaces from which a lubricant solution will retract. The re-
lationship between the cleansing processes and the "thick film"
growth is discussed later.

For the ball apparatus, the ball and protective coil
section are cleaned similarly to the cell in the ultrasonic
agitation bath, whereas the containing glass test tube is
cleaned with chromic acid. Both are dried by warming and used
quickly.

For the purification of the test fluids, the procedure was
suited to the chemistry of the fluid being tested.

For the hydrocarbons (i.e. fluids c, f, g, j and k - see
Table 1 ) the principal contaminants are the result of air
oxidation. These are removed by

storing over silica gel
passing the fluid over a small silica gel column

within two days of use
storing in the dark in the absence of oxygen.

For the esters (i.e. fluids a, h, i, and o) the fear of
hydrolysis to acid and alcohol was shown by Gentle (in Section 3)
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and by the results produced by the ball apparatus, to be un-
founded. A similar purification procedure as used for the
hydrocarbons was therefore adopted.

The 2-ethylhexyldiphenylphosphate (fluid m) was passed
over alumina prior to use. Fluids .l and n were used untreated.
The remaining three fluids were tested untreated (i.e. b, e, and q).

The degassing procedure was found not to affect the thin-
ning plots, and therefore discarded.

Hexadecane the normal solvent used in the stearic acid
experiments, used to lower the highly viscous test fluids was
stored over silica gel in a darkened tube prior to use. After
this treatment pure hexadecane alone when tested gave no "thick
film" in either apparatus.

6.3.2 Measurement of Film Thinning, With and Without Shear

Before any experiment is started the bridge circuit is
checked. Firstly the calibration of the bridge itself is checked
with capacitors of accurately known values which cover the range
corresponding to the experimental results. The amplifier and
attenuator are then included in the circuit, and, using the
same capacitors, the bridge is again calibrated by varying the
fine adjustment on both the amplifier and the attenuator. This
calibration is repeated whenever a range alteration is made on
the variable attenuator.

6.3.2.1 Bell Apparatus

The glass test tube is three quarters filled with trebly
distilled mercury, the ball section is lowered into the tube
so that the ball itself is fully covered, the two terminals
are connected to the bridge circuit and the capacitance and conduct-
ance registered. This is to test for faults in the electrical
connections to the ball, as the capacitance reading should be
zero, and to note the maximum conductance possible in the cir-
cuit for comparison with later readings during the experiment.

The ball is then raised clear of the mercury surface,
although the guard coil remains partly submerged, and the test
fluid introduced in quantity enough to cover the ball. The
apparatus is left like this for a "growing period", which, with
few exceptions, was set at 30 minutes for the test fluids. The
ball, with its now adherent oil film, is again lowered into the
mercury. Simultaneously a clock is started and the bridge
circuit switched on. The variation of the capacitance of the
oil film with time is then noted on the pen recorder, or by
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eye if more than one of these ball experiments is being carried
out. A full thinning curve, which can take0 anything from one
day to thirty days to fall below 10-8 m (100OA) is then plotted
on log-log paper for later analysis.

At any time a capacitance reading can be made on any one
of three sequential decades on the bridge, with the use of the
two decade display panels included. This facet can be used
while an experiment is running to check that no saturation is
registering in the results. If any signs of saturation are
present, then a higher decade is selected, and, if necessary,
the extra attenuator is switched into the circuit.

6.3.2.2 Cell Apparatus

About 200 cc of trebly distilled mercury is introduced
to the reservoir, some of which is pumped into the constant head
device from where the mercury is allowed to flow until it covers
the capacitor plates in the cell. As for the ball apparatus,
the capacitance and conductance of this dry mercury-metal con-
tact is noted. By opening a tap at the exit of the cell the
mercury level is lowered until the capacitor plates are 3-4 mm
clear. The test fluid is then poured onto the surface of the
mercury until the capacitors are covered. Any air bubbles trap-
ped in the narrow channel where these plates are situated, are
freed by angling the cell back and forth, then the apparatus is
left for a similar "growing period" to that used with the ball
apparatus. The tap at the entrance to the cell is then opened,
allowing mercury from the constant head device to rise above
the now oil covered capacitor plates, a clock and the bridge
circuit being switched on simultaneously. As in the ball experi-
ments, the thinning of the oil films with time is charted, al-
though by eye in this case as there are three capacitor plates
per cell, and the entire thinning is finally plotted on log-
log graph paper.

When a "thick film" is shown to be present on metal sub-
strates, i.e. the capacitance readings remain constant for
more than 24 hours creating a plateau on the log-log plot of
film thinning with time, shear is applied to these semi-solid
films by moving the mercury past them.

6.3.2.3 Initial Procedure

In the early experiments the bridge circuit was switched
on while the mercury was pumped past the film to register the
effect of the shear. The results obtained were later found to
be of no value, due partly to saturation, which had not then
been fully allowed for, but mainly through "sparking" which many
workers in this field have encountered. This effect is discussed
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in the results section, but, as the potential applied across
these oil films is so low, the electrical breakdown of the films
which sparking could cause, if it occurred, was not considered
until quite recently. These breakdowns were, instead, inter-
preted as physical, i.e. it was thought that "thick films" had
been swept away by the mercury resulting in high conductance
readings approaching the values for dry metal-mercury contact.
New cells were built with larger and larger cross-sections, to
reduce the shear, until it appeared that these oil films
could barely resist a shear of 0.1 N/m2 (1.0 dynes/cm2) when
the possibility of sparking was considered.

This electrical breakdown was first investigated in the
ball apparatus. Solutions of 0.1% w.w. stearic acid in hexa-
decane were allowed to thin to classic examples of "thick
films" on two balls. One ball was then subjected to rotation
in the mercury, with the bridge circuit switched on, causing
breakdown, whether electrical or physical, almost immediately.
The second ball was similarly treated but with the bridge circuit
switched off. After two minutes of this treatment the motion
was stopped and the bridge circuit switched on. No breakdown
was registered, indeed the film seemed hardly affected. This
procedure was repeated five times with the same result. Final-
ly the ball was again rotated, but with the bridge circuit on,
and, as for the first ball, breakdown quickly followed. From
this it seemed clear that sparking is inevitable if the potential
across the film by the bridge circuit is present while there is
relative motion between the mercury and oil film.

6.3.2.4 Final Procedure

This confirmation of the occurrence of sparking resulted in
the procedure finally used when shear is applied to the oil films.

Before the mercury is set in motion by the pump the bridge
circuit is switched off. The constant head device and the taps
are then adjusted to give the flow rate desired and the pump is
allowed to sustain this constant flow, and therefore constant
shear, for a two minute period, during which the flow is measured
as described earlier. The bridge circuit is then closed and the
capacitance and conductance readings noted. The circuit is then
quickly opened, the constant head device and taps adjusted to
give an increased shear, and the mercury set in motion for another
two minutes. This process of applying shear in incremental steps
is continued until the "thick film" is reduced to less than 100A
(10-8 m), unless the maximum shear the cell is capable of is
reached first. The variation of the capacitance, and hence the
film thickness, is then plotted against the shear applied.
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6.3.3 Interferometric rocedure

When a film is being thinned either by hydrostatic pressure
of the mercury, or by shearing the film with flow of the mer-
cury, the color interference patterns produced by the motion,
or lack of motion of the oil film is observed. Five orders of
fringes can be discerned in this arrangement, which corresponds
to an observeable thickness range of 1.2 x 10-6m down to
2.0 x 10- 7m (12,000 to 2,000A).

The phase change in the reflected light at the mercury
oil interface cannot, however, be measured on this apparatus,
but it is felt that the calibration used by Gentle (Section 3)
is equally applicable for the cell apparatus as the optics of
the two systems are almost identical.

Although the capacitance measurements give the impression
that the film is thinning comparatively uniformly over the
capacitor area, the fringe patterns show this is far from the
case, especially in the later stages. Correlation between
capacitance and interferometric observations, therefore, is
obtained by assessing the proportion of the total area occupied
by each color and summing the equivalent capacitances for each
color to give the total capacitance of the film.

6.4 ANALYSIS OF RESULTS

All experiments were carried out between 20°C and 22°C.
Figures 108 through 114 summarize all of the data on squeeze
film thickness to be discussed below. Table 12 gives the
capacitance/conductance data corresponding to these figures.
In Fig. 108 the cell apparatus was used without shear; in
Figs. 113 and 114 shear was applied. The other figures refer
to the ball apparatus.

6.4.1 Thick Films Produced

(a) With the ball apparatus and solutions of 0.1% stearic
acid in cetane, the variation of film thickness with "grow-
ing time" is demonstrated in Fig. 112, i.e., the longer
a film is grown, the thicker it is. In fact the 100 minute
period is well over those with which appreciable variations
of final film thickness occur.

(b) In the cell apparatus, the variation of final film
thickness with concentration of stearic acid in cetane is
demonstrated in Fig. 108. Again, the greater the additive
concentration, the greater the final film thickness. Com-
prehensive relationships of this nature are disclosed by
Smith2 9, in detail.
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(c) Comparison of the 0.1% stearic acid in hexadecane films
for both the stainless steel ball apparatus (see Fig. 112)
and chrome cell apparatus (see Fig. 108) show final film
thicknesses, although close, are apparently greater on
the steel surface. Unrecorded results with fluid e (a halo-
carbon) suggest the same conclusions.

On the other hand, the cell apparatus with iron
capacitors gives a very thick film for 0.4% stearic acid in
cetane (see Fig. 108) as opposed to the meager 150 nm
(1,500X) film on stainless steel. There are other difficulties
resulting from the use of pure iron in the cell apparatus.
It proves exceedingly difficult to deposit in the vacuum
apparatus - the glass substrate must be heated first, which
increases the danger of contamination. The wet cleaning
procedure leaves the metallized surface holed and scratched,
probably due to the above contamination and, of course, the
metal can be seen to rust during a test, the presence of a
hydrated oxide layer being necessary for the formation of
both thick films and rust. In the light of these factors
it seems fair to discard the results obtained with iron
capacitor plates.

(d) The films observed in fluid e, i.e., the polychlorotri-
fluoroethylene oil, may well be explained by the decompo-
sition of the fluid into fatty acids (see Figs. 108 and 112).
Hopefully the fluid is stable enough not to do this quickly
after being passed over silica gel. The films may, there-
fore, be explained by the very much stronger hydrogen bonding
of fluorine as opposed to the chlorine present, and the high
degree of polarisation in the long chain molecule. The
causes of the films would then be mainly physical in compar-
ison with the chemisorbed stearic acid-cetane films.

(e) In Fig. 112, it is interesting to compare the thinning
graphs of pure cetane on a wet cleaned ball and 0.1% stearic
acid in hexadecane grown on a ball cleaned by the ionic
bombardment process. Firstly the fact that no thick film
remains with the stearic acid-cetane solution is indicative
of their cause. The ionic bombardment cleaning process
results in a metal surface free of any contamination whatso-
ever. If the mechanism of these thick films was purely
physical, this should not effect their formation. The ultra-
sonic vibration cleaning process results in a metal surface
free of all contamination except that present in the fluids,
especially the final fluid. This results in a hydrated
oxide remaining on the metal after cleansing, hence the "wet
cleansing" designation of the process. The reaction of
stearic acid with a metal to form soap needs the presence of
both oxygen and water so a film of soap fibrils would only
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form for the wet cleansing process, assuming that both acid
and hexadecane are pure enough not to provide water molecules
themselves. Once again, a complete discussion of the thick
film formation is given by Smith2 9.

Secondly, the fact that the two lines are not identical
is interesting. Pure hexadecane alone should give the
classic thinning curve for an oil film undergoing squeezing
due to hydrostatic pressure of mercury, i.e. it should fit
the mathematically produced relationship. In fact, it does,
perfectly. It has a gradient of ½ within all reasonable
error, and is the fastest thinning of all the test fluids
that are in solutions of hexadecane to reduce their viscosity.
Assuming the thick film formation is purely chemical, however,
then the 0.1% stearic acid in cetane fluid should give an
equivalent straight line if the chemisorbed film cannot form
due to the cleaning process. The only major difference be-
tween the stearic acid molecules and hexadecane molecules
if chemical considerations are negated is that the stearic
acid molecule is polar, whereas the hexadecane like all
pure hydrocarbons is non polar. The possibility of "ordered
liquid" films is considered by Hardy3 ° and more recently Allen
and Drauglis31 among others, as a possible explanation for
these thick films. Such a purely physical effect could cause
the increase in viscosity necessary to produce the difference
in these two graphs. Comparisons of the values of the
constant, B, derived in Appendix A with that of cetane and
fluid j, another pure hydrocarbon for other test fluids
reveal a decrease in the value of B, corresponding to an in-
crease in the fluid viscosity, in several cases. For this
comparison see Table 13 in Appendix A.

6.4.2 Thinning of Thick Films Under Shear

(a) Early results obtained for the application of shear to
these thick films, as already explained, have been invali-
dated because of sparking across the oil film.

Sparking, i.e. a voltage discharge across the film
causing high conductance and the passage of current through
the film, has been observed by many workers in this field,
notably Needs3 2 and Bruninghaus3 3. The causes of this
effect are uncertain, in this case, but two possible reasons
come to mind.

As already mentioned, these thick films are not smooth
at the mercury interface, but consist of many "peaks and
valleys". The mercury surface, as shown optically, follows
these asperities and finally the voltage will be high enough,
somewhere in the film, for sparking to take place and cur-
rent to pass.
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The second reason is really the latter half of the
above, with the voltage build up being attributed to a
"streaming potential" along the interface.

Whatever the causes, once sparking has occurred the
current passed and instantaneous high temperatures produced,
over microscopic regions, will cause pitting of the metal
surface and vaporisation of mercury into the film. This
debris will lower the conductance of the film, making more
sparking inevitable. Thus total electrical breakdown re-
sults from the escalation of this process.

The proof of electrical breakdown occurring without
physical breakdown has already been indicated in experiments
with the ball apparatus. Nevertheless, an enforced "spark-
ing situation" was produced in the chrome cell whilst being
observed interferometrically. Although the bridge register-
ed complete breakdown, no difference in the film was ob-
served optically.

(b) Since the new procedure for shearing the fluids had
been used it has been discovered that the thick films are
very much.stronger than was at one time believed. In fact,
physical breakdown under shear has not yet been achieved.
Nevertheless, several interesting points appear in Fig.
113 and 114.

A relatively low shear of between 1.0 and 3.0 N/m2

will produce a rapid decrease in the film thickness. This
decrease, however, is arrested when the films are of the
order of 130 nm (1,300A), and cannot be thinned further with
the maximum shear presently available i.e. 100 N/m 2. Long
periods of this maximum shear, 70 minutes in one case, have
no added effect, the films are stable.

The original thick film depth, dependent on growing
time and concentration, seems unimportant. All surplus
film matter is swept aw.y, leaving this apparently sturdy
150-130 nm (1,500-1,300A) layer. Fluid e appears to fit
in neatly with the behavior of the stearic acid-hexadecane
soap-fibril films.

6.4.3 Interferometric Observations

As most of these results have been mentioned once they
are briefly noted:

The changing nature of the film can be observed as it
thins. The mercury-oil interface is never uniform, but initial-
ly it is much smoother than the thick-film stage, when most
superfluous hexadecane has been squeezed out.
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Proof that electrical breakdown is not accompanied by
physical breakdown is simply observed.

The final thickness of the thick film can be checked with the
capacitance readings, and the possibility of variation of the
dielectric constant, c, invalidated.

The nature of a film that has undergone shear, as opposed
to one that has not is different in two major ways.

Firstly the sheared film has a more uniform appearance,
i.e. large monochromatic "plateaus", basically the color cor-
responding to the thickest part of the film, usually red or
orange. In these plateaus there are indentations of deep blue,
but very little rising above - the direction of a depth change
can be deducted from the fringe color order. A film that has not
undergone shear appears much rougher, i.e. has several orders
of fringes corresponding to a greater depth variation.

The second major difference between the two types of thick
film is that with shearing circular patches appear in the basic-
ally monochromatic picture. These appear to be grey, but on
closer inspection consist of very many fringes, transcending
all the orders and appearing white in the middle. They would
appear to be, therefore, hemispherical outcrops of height at
least 1.2 um (12,000A) from the film. Observably, their diameters
vary between 1.0 x 10-4m and 5.0 x 10-4m(5 x 106A). As these
hemispherical globules appear and grow only under shear it
seems likely that they represent the remaining free cetane trap-
ped in the soap fibrils being squeezed out of the network as
it settles. This, however, is pure speculation.

The 0.05% stearic acid in hexadecane film (see Fig. 108)
was checked quantitatively, using the formula

Cd = p o c , (63)
d

where d is the optical film thickness, and Cd the corresponding
capacitance.

Using Gentle's calibration (Section 3), i.e.

First Order: Yellow fringes = 2.0 x 10 7 meter
Red " = 2.7 " "
Blue " 3.4 "
Green " = 4.3 " "

Second Order: Yellow " = 4.7 " "
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The observations were:

50% area 1st order yellow, i.e., Cy1 = 4.8 nF,

30% area 1st order Green/blue, i.e., CG1 = 1.45 nF, and

20% area 2nd order Yellow, i.e., Cy2 = 0.85 nF.

Ctotal =CY1+ CG1 + CY2 = 7.1 nF

This compares with capacitance reading Cd = 7.5 nF.

6.4.4 The Test Fluids (ball apparatus): Figures 109, 110, and 111.

Of these, fluids a, b, c, h, J, n, m, and o give straight
line gradients of exactly 0.5, within experimental error, ap-
pearing, on the surface, to fit the theoretically predicted
thinning curve perfectly. The fact that the constant, B, varies
for several of them, indicating large differences between the
given and calculated values of the viscosity is most interesting.
See Appendix A.

Fluids i and k, an ester and hydrocarbon respectively
give straight lines of equal gradient 0.35. This suggests an
increase in viscosity with time, not just a constant increment
for all time.

It is feasible that the oleic acid, fluid 1, should become
conducting due to the bend in its structure and its relatively
high conductivity, i.e. electronic availability. The behavior
of fluid f, apparently a pure hydrocarbon, and fluid q, ap-
parently a good dielectric, both becoming conducting at high
film thicknesses, the former instantly, is hard to explain.
These results, however, were repeated at least twice.

The formation of a thick film of almost infinite viscosity
by fluid e has already been discussed.

The thinning of hercolube, a mixture, basically, of esters
appears consistent with the theory.

196



7. SUMMARY OF RESULTS

It was the purpose of this investigation to study the
effect that lubricant properties have on film thickness in
rolling/sliding contact andto determine the cause of any
variations from existing theory. Severalvariations of the
optical elastohydrodynamic (EHD) method were employed for most
of this work. Other related measurements, such as traction,
were also made. A wide range of experimental conditions and
fluid properties was investigated.

7.1 DISCUSSION OF RESULTS-

Briefly the objectives, principal results, and conclusions
may be summarized as follows. Five major projects were involved.

7.1.1 Test Fluids

Seventeen fluids of widely differing physical properties
and molecular structure were selected for intensive study.
These fluids were:

a. Pentaerythritoltetravalerate
b. Polyethylene glycol
c. Squalane
d. Octacosane
e. Polychlorotrifluoroethylene oil
f. Cyclododecyl cyclododecane
g. Dihydrocedrene
h. Di(2-ethyl hexyl)adipate
i. Di(2-ethyl hexyl)3,3,4,4 tetramethyl adipate
j. Bicyclohexyl
k. 1,4-Bicyclohexyl butane
1. Oleic acid
m. 2-Ethylhexyldiphenylphosphate
n. 3,3'-Dichlorodiphenyl ether
o. ll,7-Trihydroperfluoroheptylperfluoroglutate
p. Dimethyl silicone (100 cs)
q. Dimethyl silicone (1000 cs)

Fluids i. and o. were new compounds systhesized for this pro-
ject, the remainder were either on hand or commercially available.

To aid in the interpretation of the experimental results,
the following physical properties were obtained for those of
the seventeen fluids where adequate amounts were available:
density, viscosity, specific heat, compressibility, thermal con-
ductivity, and glass transition/freezing temperature. In most
cases data were obtained at more than one temperature.
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7.1.2 Film Thickness and Traction in Point Contacts

The application of the classical laws governing the forma-
tion of an EHD film were studies, with particular attention
paid to deviations from these laws. Non-Newtonian fluid be-
havior and the effect of fluid inertia, gas solubility, oxygen
content of the atmosphere, wetting of the metal bearing surfaces,
and friction polymer formation were among the phenomena con-
sidered. Of particular importance was the simultaneous measure-
ment of traction and film thickness. This area proved fruitful
and hence the effort in that direction was expanded to include
studies over a wide speed range and with continuous variation of
slide/roll ratio.

The short conclusion of this section of the program has
been that there are no marked deviations from classical behavior
in the formation of the film with the proviso that the question
of pressure freezing (a classical effect) be taken into account.

This pressure freezing was first detected using a fluid
which was outside the 17 chosen for the program but which has
been much used in similar studies. This is 5 phenyl-4 ether.
This feature was extensively studied and a theory of traction
developed which uses the concept of pressure freezing forming
granules of a glass-like material.

The fact that the film thickness did not change any measure-
able amount with small amounts of traction means that traction
per se cannot be explained by non-Newtonian effects. The
argument is as follows.

A number of studies have recently been published which
have shown that the film thickness h is uniquely determined
by three standard dimensionless EHD parameters: speed (nu/E'R),
material (aE'), and load (W/E'R2 ), which are derived from the
absolute viscosity n, rolling speed u, reduced Young's modulus E',
reduced ball radius R, pressure/viscosity coefficient a, and
load W. These give straight lines on log-log plots from 0.05 pm
or so up to high values of speed where the viscous heating in
the inlet zone starts to play a part. It has also been remarked
by a number of authors that the oil film thickness is almost
entirely dependent on the conditions in the inlet zone. The
effective pressure at which the pressure viscosity coefficient
should be determined is not the maximum Hertzian contact, Pmax,
but some lesser value generated in the inlet region and determined
by conditions in that region. In these studies, this effective
pressure is about 20% of Pmax. Further, the maximum rate of shear
is at a point in the inlet zone, about one Hertz width from the
edge of the Hertz contact. This rate of shear is of the order of
(u/h). It is several orders of magnitude larger in the inlet sweep
than it is in the contact zone itself. Any non-Newtonian effects
show up when the film thickness (h/R) is plotted against the speed
parameter (nu/E'R).
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All the 17 fluids tested gave linear log film thickness--log
speed plots. Hence under pure rolling they behaved as
Newtonian fluids.

The traction problem may be stated as follows.

For a given area of contact, if the film thickness h is
steady, the frictional drag F is proportional to n(U1 -U2)/h,

where U1 and U2 represent the ball and disk speed, respectively.
Now for steady conditions of load and temperature, h-(nUi)° .7
where Ui-(Ul+U2)/2. Hence, Fcn0.3(U1-U2)/u°- 7 But careful

(Ul-U 2 )
measurements show that as (U1 -U2) + 0, F _ . For this to

u
be so (in the classical theory) U must vary as 1/u 0 -3. There
is no obvious reason why it should. The fact that at very low
value of sliding, the film thickness still obeys the pure rolling
law excludes heating as the cause. It also excludes (and this
is important) any further terms in the Navier-Stokes equations
not usually taken into account. It has therefore effectively
decoupled the inlet from the Hertz zone.

It is for this reason that so much work was put into
this part of the project.

The extremely high pressures in the contact zone and
the very low rates of shear make it quite understandable that
the conditions are different there. It is not often appreciated
that in pure rolling at the center of the Hertz zone where
dp/dx is zero, the shear stress is-also zero. At this point
the pressure is at its maximum and the viscosity will also be
maximum. The heat generated will be zero, and, assuming no
heat is convected, the temperature will be ambient. This
makes the viscosity a maximum and it is consequently very,
very large.

Under these conditions the transition of the fluid into
a glass is quite likely. The consequences of this suggestion
are incorporated into a theory of traction. This is highly
speculative and needs considerable further study to bring it
from an interesting hypothesis to a proven theory. The theory
has predicted that at high pressures, which can only be achieved
with sapphire as disk, there should be some very interesting
effects if the "glass" theory of traction is true. It would
clearly be of value to be able to carry on with this work and
study at greater depth traction at high pressures, i.e., over
109 Nm- 2 (150,000 psi).

K. L. Johnson of Cambridge, using a disk machine has also
established with mineral oils that there is a critical pressure
at 109 Nm- 2 (150,000 psi). It would be interesting and also
valuable to extend the work to 2.3 x 109 Nm-2(350,000 psi),
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at least, as it is at these pressures that ball bearings operate.

This section of this project then has shown the fluids
follow the classical laws for formation of the lubricant film.
Traction, however, is quite different and here the glass transi-
tion seems a very plausible explanation of many of the observed
effects.

7.1.3 Film Thickness in Line Contacts

A line contact optical EHL apparatus was used to compare
film thickness measured by optical, capacitance, and resistance
methods. This was done for the reason that capacity measurements
with a point contact are prone to every form of interference (as
the signal is so small). In line measurements the signal is
an order of magnitude larger. Almost all the published work
is with line contact apparatus so the comparison would be of
more use in such a configuration. The same considerations
also apply to the electrical resistance tests.

The device employed for the line contact tests uses a
completely new concept in optical EHL work. It is in essence
a counter rotating single tapered roller thrust bearing. The
bottom race is a steel plate with a conical track. The cone
angle is equal to the total cone angle of a 12.7 mm (1/2 in)
long roller of 6.35 mm (17F in) mid-diameter. The roller is
located in a fixed cage and drives the top "race" which is a
12.7 mm (1/2 in) flat glass-plate, semichromed on the under
side. Immediately above the roller is a hydrostatic pocket
with a glass window in it. The pocket, pressurized by oil,
loads the glass onto the roller with an almost completely even
pressure. As oil and glass have the same refractive index,
light passes through the window, the pressurized oil, and glass
track with no refraction. The data from this apparatus have
opened up several important subjects. These are briefly listed.

They have shown that it is possible to obtain capacity
measurements using a layer of silica over the chrome reflecting
layer, and at the same time measuring the film thickness opti-
cally. This has three advantages: (1) the silica acts as a
spacer layer, thus allowing very thin films to be measured;
(ii) it is an electrical insulator and thus rough surfaces can
be used for the mating surface (normally, very smooth disks
have to be used to avoid breakdown, a restriction now relaxed);
(iii) the semi-reflecting metal layer, being protected by the
silica, can be soft. Hence, a gold layer which is transparent
at much greater conductivities than chrome can be used.

These bonuses only appeared at a late stage in the tests.
They constitute a strong recommendation to continue the work so
that they can be fully exploited.
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The conclusion drawn from the optical and capacity measure-
ments are that the two systems give comparable results. While
it would be surprising if this was not the case, it is satisfying
that it is.

The electrical resistance tests again agree with the optical.
The marked decrease of asperity contact for h > 0.06 pm is
interesting. This is of the order of the peak-to-valley height
of the asperities on the roller. Also, of greater importance,
is that the time average of contact is not a function of load
(or area). This must mean that the contacts occur outside
the Hertz zone. Inside they are either squashed down or are
covered with a layer of vitrified oil. Again further tests are
necessary for the resolution of these questions.

An extra series of tests in this part of the work was the
determination of the effect of end blending in the roller.

Though some results had been published by Gohar and Cameron
in Trans. ASLE on end closures, no data was known for the dif-
ference between blended and unblended rollers. The use of
interferometry was found to be of great service in determining
the exact amount of end blend actually present in any given
roller, not an easy thing to measure accurately. Secondly,
running blended rollers gives a very dramatic example of the
reduction in closure consequent on a carefully chosen blend.
This part of the study, brief though it was, has shown both
the value of this apparatus and also the desirability of fur-
ther work.

7.1.4 Refractive Index in Point Contacts

The purpose of this task was to find a means for measuring
refractive index in an EHL contact.

All techniques for oil film thickness measurement require
the knowledge of some property of the lubricant at a high pres-
sure. The X-ray method requires a knowledge of the fraction of
the radiation absorbed in the contact. Capacity needs the di-
electric constant averaged over the contact. The optical techni-
que requires the refractive index at all points. The first
two need averaged values, hence for absolute accuracy the pres-
sure distribution must be known as well as the pressure depen-
dence of the quantity required (absorbence or dielectric con-
stant). In the optical system the refractive index at all
points in the contact area is needed.

The initial approach to this problem involved the obser-
vation of critical angle of reflection. However, Dr. Welford
of the Technical Optics group of the Physics Department
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at Imperial College suggested a very elegant method using
interference with light entering at two angles.

This technique was decided upon. An apparatus was built
to measure the refractive index entrapped in a contact produced
by a ball dropping onto a plane. The advantage of the dropping
ball will be considered later.

Once the refractive index at all parts of the contact could
be determined accurately, the deformation at every spot could then
be found absolutely. At this Juncture a considerable extension
of the task was undertaken. First, the density can be computed
from refractive index using the Lorenz-Lorentz relation. As part
of another research project (independent of this project), a
computer program has been developed to find the local pressure
consequent on any measured distortion. This is simply the inverse
Boussinesq problem. The pressures inside the contact could be
then computed from the fringes knowing, to a good degree of accur-
acy, the refractive index. Once the pressures were known every-
where a relation was produced of the variation of refractive index
with pressure, not only the variation across the contact.

An unexpected extension to the work was next undertaken.
The change in the entrapment was followed with time---either
while the ball was falling or after it touched the lower plate.
The change in volume of the dimple could then be computed---the
density p already being known from refractive index. Reynold's
equation in polar coordinates is, for the axially symmetrical case

here, I = 12 a(hp)/3t. The solution of this equation

enables the viscosity at all points to be determined. Such a
solution is possible as h, p and p are everywhere known.

This very simple device has now been turned into a machine
for determining refractive index as a function of pressure and more
importantly, it has become a high pressure viscometer and densito-
meter.

A study of the results presented in the main body of the
text shows that with glass, pressures up to 8.4 x 108 Nm- 2
(120,000 psi) are attained and viscosities up to 108 poise.
The viscosities are 2 to 3 orders of magnitude higher than those
attainable in any high pressure viscometer yet built. This is
of course due to the very large driving pressure gradient. The
pressures in the center of the entrapment are of the order of
8.4 x 108 Nm- 2, the diameter is about 0.25 mm, and hence the
average radial pressure gradient is 3.4 x 1012 Nm- 3 (24 million
psi/inch)! The film is so thin that this does not stop the
fluid from remaining isothermal. The rates of shear are low 
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from 1/10 to 104 sec- 1. This is very convenient, since the rolling
ball device, when acting as a high pressure viscometer is in the
high shear rate range, from 104 to 107 sec-

1.

The apparatus Was built primarily to answer the question
put to it, viz., to find the refractive index in an EHD contact,
not to measure pressures or viscosities. These are clearly of
major importance and a new machine has been thought out to incor-
porate damping and to allow sapphire strikers to be used of
differing radii. No reason can be foreseenthat should prevent
pressures well above 3.4 x 109 Nm-2(1/2 million psi) being
attained and correspondingly high viscosities being measured.
This is an important extension and should be pursued.

A device has been projected to use this double interferometry
to study rolling contacts. It uses some of the techniques devised
for the line contact apparatus (though it may be preferable to
start as a point contact). If the exact shape of the exit constric-
tion can be measured, the pressures can be computed directly from
them. This will require a microscope of very considerable resolv-
ing power and of much larger magnification than we have so far
used. These questions have been discussed with the Technical
Optics Section (Imperial College, London), who were responsible
for suggesting the method used here. They say that such an object
lens could indeed be computed out and made. Once the absolute
shape of the exit constriction is found, the pressure in the zone
then follows and the elusive pressure spike proved for the
first time.

In passing it was possible to apply Christensen's theory of a
falling sphere and it was found to diverge from practice. This
was due (it is thought) to the interesting finding that above
about 2.8 x 108 Nm- (40,000 psi) and viscosities of 107 poise
the pressure viscosity coefficient a drops steeply. The effect
had been previously found by K. L. Johnson using traction
experiments.

In sum then this part of the work achieved its goal of measur-
ing refractive index in an EHD contact. It also measured pressures
and as well determined viscosities up to 8.4 x 108 Nm

-
2

(120,000 psi) and 108 poise.

7.1.5 Soft Film Studies

Work on the problem of soft films began at a time when the
mechanism of their formation was unclear and even their existence
was uncertain. Since then it has become clear that the soft films
normally found on steel are in fact 2 dimensional greases formed
by chemical attack. There is in normal mineral oil enough active
material to react with the surface of the steel and form a soap.
This forms a fragile network of soap fibrils which enmesh the
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lubricant. These are responsible for most of the "rigid" films
reported in the literature.

This was reported by A. J. Smith and A. Cameron to the
Faraday Society at a Discussion at Cambridge in September 1970
The tests were all carried under static conditions. The appara-
tus for these studies caused the oil under test to be displaced
by mercury. In earlier reports published elsewhere, 2 solid
plates were brought together and could therefore be influenced by
dirt in the oil. The use of mercury in place of one of the plates
obviated this problem.

In the work reported to the Faraday Society great stress
was layed on making the capacitance measurements (from which the
film thickness was obtained) at very low voltages. A special
bridge system was developed and sometimes less than 1 microvolt
was impressed across the film. In this way no electrical
breakdown was induced.

The findings of this project were that none of the 17 test
fluids-with one exception-formed any soft films at all. With
hindsight, in view of the work reported to the Faraday Society-
which was not available at the time the project was planned-
this was only to be expected. The exception was fluid e, poly-
chlorotrifluoroethylene oil. Fluid e produced a thinner film
which did not break down.

These results were of value for the other tasks. The ab-
sence of a soft film proved that the cleaning process used for
the other film thickness studies was adequate. The ball soft film
device, employing a ball dipped in mercury, with very low 1/2
microvolt potential difference, had been demonstrated to measure
down to one monolayer of stearic acid-2 nm (20 A)-so it was
fully sensitive enough to check the cleaning process. It also
proved that the fluids used in the tests did not have any surface
active contaminants-with of course the obvious exception of
oleic acid and the rather strange fluid e.

A part of this project was a considerable study of the
theory of the thinning of these films with time. This is a
branch of hydrodynamics that had not been studied. It is the
squeeze film effect where the pressure gradient is known--being
merely the difference in density of mercury and fluid--and one
of the "plates" is a liquid--mercury.

When the experimental data from all the 17 test fluids which
did not thin too fast are analyzed, it appears that the rate
of thinning is not the same in all cases, even though the vis-
cosity of the liquids is taken into account. This gives strong
evidence for a change in viscosity near the surface even though
a rigid soft film is not formed.
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An interesting comparison has been achieved with a static
film. The capacitance and the optical thickness were measured
together. The results clearly show that the original capacitance
technique was valid. It also provides a new way of measuring the
dielectric constant for very thin films. This is of importance
for micro circuits and for the design of electric condensers.

Since, with the exception of fluid e, the 17 test fluids
did not form soft films, it was decided to study the system from
the Faraday Society paper, stearic acid in cetane, in greater
detail. The shear strength of the soft film - under shear pro-
duced by flowing the mercury - was investigated. It was found
that under the combined influence of both shear and the electric
field of the capacitance measurement, very little shear, usually
much less than 1 Nm- 2 (10 dynes/cm2), was required to induce
electrical breakdown of the soft film. A new technique, in which
shear and electric field are applied alternately instead of simul-
taneously, shows the film is far more stable than that. At
3 Nm- 2 (30 dynes/cm2), there is no sign of breakdown. An apparatus
has been designed using a steel cylinder in a torsional mode to
apply shear up to 150 Nm-

2 (1500 dynes/cm2 ). Measurements have
not yet been made with this apparatus.

7.2 CONCLUSIONS

Highlights from the project are listed below:

A new theory of traction based on glass transition, of which
there is evidence, is presented. The experimental data argues
against relaxation (or similar effects) being the solution of
the traction problem.

The line contact apparatus shows that the optical, capacity,
and resistance techniques all give comparable results. The use
of a silica layer over the semi-reflecting metal film enables
capacity tests to be carried out with much rougher surfaces than
formerly possible. Resistance measurements suggest the asperities
are deformed before entering the Hertz zone. The effect of end
blending the roller is clearly shown and more regard should be
paid to this in practical roller bearing manufacture.

Refractive index was measured in an EHL contact. The
dimple or entrapment formed with a dropping ball was used for
the contact. Further than this, the variation of density and
pressure in the contact was evaluated and also the device was
then used as a high pressure viscometer. The variation of viscos-
ities (up to 108 poise) with pressure to 8.4 x 108 Nm-2(120,000
psi) was readily measured. The rates of shear were from 10-1
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to 104 sec
-
1 . This extends the capability of measuring pressure

viscosities over the entire shear range, as the rolling optical
EHD apparatus measures from 104 to 10 sec

- 1
.

None of the 17 test fluids formed rigid soft films of the
type found with stearic acid in cetane on steel (except that
fluid e, polychlorotrifluoroethylene oil, gave a thin film).
However, there is evidence of viscosity variation near the surface
even when there is no soft film. In the stearic acid system,
the soft film was found to be exceedingly susceptible to electric
breakdown if the film was under the gentlest of shear stress
(less than 0.5 Nm-2). In the absence of an electric field, the
soft film could tolerate far greater stresses (more than 3 Nm-

2,
perhaps much more).

7.3 RECOMMENDATIONS FOR FURTHER WORK

In a "state of the art" project of this nature-if it was
well founded at its inception-some features seem to demand con-
tinuation. These are listed.

Traction. Some major features of traction only appear
at 10 Nm- z (150,000 psi) Hertz stress and upwards. Apparatus
is available to study this region and the work should continue.

Line Contact. Using a silica layer, rough surfaces can be
studied. Finishing processes capable of industrial use can be
studied with this machine and optimized.

"Refractive Index". The viscosity of fluids and their
densities can be measured to pressures and thicknesses not avail-
able anywhere. This work is most important.

Soft Film. The limit of shear strength of soft films
should be determined, but more important, the technique should
be employed to study viscosity variations near the surface.
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APPENDIX A

MATHEMATICAL APPROACH TO THINNING FILM

The conditions of flow within the cell apparatus, when the
oil film is thinning under hydrostatic pressure of the mercury,
may be approximately described by considering elementary conditions
of equilibrium of the oil film, with the aid of several assumptions.
This derivation stems from a more general treatment by Askwith,
Cameron, and Crouch.3 4

Figure 115 represents an element of fluid within the oil
film, dimensions dx, dy, dz. The forces acting on this element
are due to hydrostatic pressure and viscous shear, all other
forces being assumed negligible in this derivation, e.g., inertial
forces. Equating these forces in the x-direction gives

3T
pdydz + ETx + xy dy]dxdz = Tdxdz + [p + pdx]dy, (A-1)xy ay XcY ax

which gives

3T
axy ax (A-2)
ay ax

Similar relations for ap/3y and ap/az can be found. If, however,
x is the direction of gravitational force, then we have

3x = (p )g =p'g. (A-B)
ax - Pmercury oil g, (A-3)

where p' represents the density difference of oil and mercury and
g the acceleration due to gravity. If inertial forces are ignored,
ap/ay is zero and ap/az is also zero due to the symmetry of the
problem in the xz and yz planes. We can therefore write

DT
By = P g. (A-4)ay
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(p + ddx) dy dzdx 

x

dT(T-I-+ dy) dx dz

Tdx dz pdy dz

Figure 115. Forces acting on an element of the oil film
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Applying Newton's law of viscous flow, i.e., Ty nau xlay, where

ux represents the fluid flow in the x-direction, yields
X

a 2 u x
pg = n XP'Ig = n 8;--~2-- (A-5)

if n is assumed constant. Let gp'/n = K, a constant, Then

a 2 u
x

-Z =, K . (A-6)

This equation suggests a parabolic velocity profile of u with y,
~~~~~~~~~~~~i.e.,~~~xi.e.,

Ux U max (y/h) 2

Ux xmax
(A-7)

where uX max represents the value of u at y = h. Therefore, from

Eq. A-6,

a2u 2u 2u
x x max_ x = K,

y -= hz =- 

=

K,

i.e.,

u = K y2.

(A-8)

(A-9)

h

Now qx = fuxdy, where qx represents the oil flow in the x-direction.
O
0Therefore, using Eq. A-9, we obtainTherefore., using Eq. A-9, we obtain
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K[ 1 3h Kh3
qx 

=
2[Y ]o 

=
-' (A-10)

Considering the equilibrium of flow in Fig. 116, we get

aq
a x w = 0, (A-11)

where w represents the velocity of the mercury-oil interface, i.e.,
-dh/dt. Therefore

3qx + dh =
ax dt (A-12)

Substituting Eq. A-10 into Eq. A-12 gives

K ah 3 dh
G X + -T = 0ax t' (A-13)

but, as ah3/ax = 3h2 ah/ax, then

K h2 3h a dh= .
2 3 x dt (A-14)

This is a simplified version of the equation currently being
solved by iteration with the aid of a computer and is solved
analytically to give the boundary conditions necessary for the
program. As all the assumptions made in this derivation are
valid for the case where the film has thinned for a reasonably
long time, i.e., 103 seconds, this solution may be legitimately
used in comparison with the later regions of the thinning curves.
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y

Figure 116. Flow specification in element
of film, height dx
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Solution of Eq. A-14.
alize this equation first.

It simplifies matters to nondimension-
Let

X = x/LsH = h/Hm, and T = KH 2 t/Ls,X =x/ 5'1 m S (A-15)

where H represents the maximum film thickness for time zero andm
x zero. Lsrepresents the full span in the x-direction, and X, H,
and T are nondimensional depth, film thickness, and time,
respectively. This gives

H2dH + dH = 0.
dX dT

(A-16)

As H is a function of time and depth it may be written
H = H(X)H(T). Using this in Eq. A-16 gives

[H(T)]3[H(X)]2dH(X) + H(X)dH(T) = 
2 dX dT

i.e.,

H(X) dH(X) _ dH(T) 1
2 dX dT [H(T)]T '

(A-17)

(A-18)

and these two expressions must equal a constant, call it C, as
they are functions of different variables. Thus these equations
become

dH(T) 
- [H(T)]3 =

H(X)dH(X) -

2

Both expressions
give

CdT, and

(A-19)

CdX.

in Eq. A-19 can be integrated separately to
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1 
2[(T)]2 = CT + Cl, and

(A-20)
[H(x)] 2

-4) = CX + C2,

where C1 and C2 are both constants of integration. Thus

H(T) = [2C 1 )+1/2 and

(A-21)

= ~~~1/2'
H(X) = [4(CX+C2)] 1 / 2 ,

whence

H = H(X)H(T) = (CX+C11/2 (A-22)

Now, as h = H at x = 0 and t = 0, this boundary condition
can be written non-dimensionally as H = 1 when X = 0 and T = 0.
This substitution gives

1 = [2C9]1/2 , i.e. C1 = 2C2. (A-23)Cl

Thus Eq. A-22 becomes

2(CX+C9 ) 1/2
H E (CT+2C2) (A-24)

An assumed boundary condition at X = 1 and T = 0, i.e., x = L
and t = 0, is H = 1.1. This assumption is fair in the light of
interferometric observations of the variation of the film thick-
ness with depth. This substitution gives

1.1 2C+C2 ) 1/2, i.e., C = 0.21 C2. (A-25)

Therefore Eq. A-24 becomes

0.42X+2 1/2
H = [0.21T+2] (A-26)
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Returning the dimensional variables to Eq. A-26 via Aq. A-15, we
have

7x+l 1/2
m 7 KH 2t+l

2 m

(A-27)

where L = 3x10- 2m is the measured value.
s

For comparison with the graphic results, the variation of
capacitance Ct with time is required, i.e.,

Ad A
C = o0 C
t =h (A-28)

where c, c , and A are defined in Section 6.
this expression with Eq. A-27, we obtain

sE A
C oc
t H

m

Thus, combining

2x10
-
2

[7 KHm2t+l]1/2 [7x+l]
-
1/2 dx,

lx10 2

(A-29)

where the integral sums the capacitors of height dx which make
up area A . This expression works out to be

C

~s A
C_ oc
t Hm

m
[2 KHm2t+l]l/2(l.OxlO- 2 ). (A-30)

The factor K in MKS units is of the order of 108. Since this
expression is only valid after 103 seconds, the quantity 1 in
the brackets may be neglected, which gives

EE A
Ct = Kt , for t >103 sec. (A-31)

If we remove the viscosity n and density difference p' from K
and replace the group of constants 10 2 E oAc g 1/2 with one
constant B, we have c

Ct = ¢B(p't/n) 1/ 2 , for t >10 3 sec. (A-32)
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Although this relationship has been derived for the cell
apparatus, it is proposed that it is also applicable to the ball
apparatus (with B some other constant of the apparatus) if the
time criterion is met. The order of the film thickness observed
on the balls after periods of l03 seconds is 10 6m, i.e., four
orders of magnitude greater than the ball radius 6.4x10-3m. Thus
this assumption seems to be justified. The fact that the graphs
obtained from the two types of apparatus are of similar form after
such a time period makes this assumption highly credible.

Those fluids which have capacitance versus time graphs which
exactly fit this theory, i.e., Ct c tl/2, can be discussed in the
light of this theory. The other fluids appear to have varying
viscosity and thus cannot be treated by this analysis. For those
fluids for which Ct c t1/2, it is possible to calculate B by
inverting Eq. A-32,

Ct
B = m (n/ptt)1/2. (A-33)

This expression provides a means of obtaining the viscosity of
one liquid relative to another. In Table 13, the value of B is
given for 6 fluids which met the criterion of C 0 t1/2. Then,
assuming the starred (*) value, the viscosity yielded by B is
compared to the measured bulk viscosity for the other 5 fluids.

It has been mentioned that a computed iterative technique
is being employed to solve a more complex form of Eq. A-14. It
is hoped that this solution will predict the film thinning-
time relationship from 1 second onwards to a high degree of
accuracy, and that it will verify Eq. A-32.
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Table 13

VISCOSITIES DERIVED FROM THINNING FILM

Fluid

pure cetane

stearic acid in cetane - dry
cleaning

bicyclohexyl, fluid j.

pentaerythritoltetravalerate,
fluid a.

dimethylsilicone (1000 cs),
fluid g.

di(2-ethylhexyl)adipate, fluid
h.

B from Eq. A-33
10-9F(m5 s-2 kg-1 ) 1/2

3.25x10
-
9

2.9x10 
-
9

3.2x10 
-
9

2.7x10 -9

2.48 x10
-
9

%0.5x10 -9

n thinning
n bulk

1*

1.25

1.03

1.45

1.71

-42.0
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APPENDIX B

LIST OF SYMBOLS USED

Symbol Description

a Half-width of Hertz point contact

A Slope of exponential traction plots

Ac Area of capacitor plates

b Half-width of Hertz line contact

C Theoretical Capacitance, across oil film (e.s.u.)

Cc Theoretical Capacitance, across oil film (picofarads)

Cd Capacitance deduced optically

Ch Theoretical Capacitance of Hertzian region (e.s.u.)

Ci Theoretical Capacitance of Inlet region (e.s.u.)

CO Theoretical Capacitance of Outlet region (e.s.u.)

Cp Capacitance measured at bridgeCp

C Measured capacitance of lubricant film

Ct Capacitance calculated at time t

d Optical oil film thickness in capacitors

E Young's Modulus

E' Reduced Young's Modulus

f Traction coefficient = F/N

F Traction force

G* Nondimensional materials parameter

g Acceleration due to gravity

h Test fluid film thickness

hchc Depth of Cell Apparatus cross section
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Symbol Description

h Central oil film thickness
o

h Film thickness at r
r

h Thickness of silicon oxide layer
5

hz Separation outside Hertzian contact

hmin Minimum film thickness

H Maximum film thickness at zero time and x
m

H* Nondimensional film thickness parameter

L Length of line contact

L Maximum depth of oil film in mercury
s

m Order of interference fringe

n Refractive index at mean Hertzian pressure

n2 Refractive index of glass plate + hemisphere

n3 Refractive index of fluid

n0 Refractive index at ambient pressure

N Integer

p Pressure

p Mean Hertzian pressure

Pmax Maximum Hertz contact pressure

p* Normalized maximum pressure

q Rate of flow of mercury

q Rate of flow of oil at r

qx~ ~ Rate of flow of oil at x

r Radius at which viscosity calculated

R Reduced ball (or roller) radius
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Symbol Description

R Resistance measured at bridge
P
R Series resistance of chromium layer

s

t Local film thickness

T Temperature

u Rolling speed [1/2(U1 + U2)]

U1 Ball speed (driving)

U2 Disk speed (driven)

u Velocity of oil in x direction
x

u Maximum velocity of oil in x direction
xmax

U* Nondimensional speed parameter

v Approach velocity of ball center

V Voltage

w Velocity of mercury-oil interface

W Load

W* Nondimensional load parameter

Pressure/viscosity coefficient

6 Phase change on reflection

£ Relative permittivity of oil at ambient pressure

Eh Permittivity of oil at mean Hertzian pressure

£ Permittivity of silicon oxide layer at ambient
s pressure

Ssh Permittivity of silicon oxide layer at mean Hertzian
pressure

E Rationalized permittivity of free space

£1 Permittivity in gap outside Hertzian region
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Symbol Description

AX ~ Wavelength of light

n Absolute viscosity

no Absolute viscosity at ambient pressure

~a ~Poisson ratio

E Slide/Roll ratio: [Ul-U2]

p Density

p Density at ambient pressure

p' Density difference between mercury and oil

a Angle of incidence

6L Angle of laser beam in glass

$f ~ Angle of laser beam in the oil

T Shear applied to "thick films"

WU ~ Frequency .

W~d ~ Local deformation of the ball

v Kinematic viscosity

x/b

C1/
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